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High  Temperature  /  High  Power  Celle  for  Pulse  Power 

LSummary 

The  UNum  (aMoy)  /  cobalt  (SsuKde  (U-alk^  /  CoS^  electrochemistry  is  currency  under  development  st 
Weadnf^touae  as  a  high  power,  ptksed  energy  source  for  mobile  electric  weaporwy.  Under  ARDEC 
contact  DAAA21-88-C-0029,  a  bas^te  100  MJ,  2.1  MW  pulse  power  system  is  sdteduled  to  be 
deihrered  In  We  1993-94  time  frame.  This  folly  intsf^ed  system  consists  of  40  bipolea’ modules,  each 
employing  ISO  cetis  (150-200  cmA  in  active  area},  auxttiaty  heaters  for  activation  and  make-up  of  heat 
lot^  a  000^  system  to  remove  wasfo  heat,  and  a  therms  encfosure  to  present  the  necessary 
opentting  temperature  of  480-500  “C.  Modelkig  studies  inOcale  Wat  Wis  sys^  m#  ooa^ry  -0.40  rrf 
and  we^  appracimetety  855  kg.  Baseline  catis  are  0.140  cm  tNck,  con^Ofog  of  positive  elearodes 
designed  to  detver  an  80%  depW  of  discharge  based  on  4/3  F/M  (faradays  per  mole  ra  CoS^  wiW  a  2:1 
negative  to  positive  capacity  ratio.  Cells  are  required  to  sustafo  a  power  densky  of  -1.73  W/crrf  for 
twelve  consecutive  k-second  pulses  (48  pulse-seconds,  duty  cyde  -80%,  ie.,  1  second  rest  tkne  between 
pulses). 

The  goals  of  this  LABCOM  ^xmsored  program  were  to  optimize  boW  ceti  oomponertfo  and  operating 
concBtions  leadfog  to: 

•  at  least  a  10%  reduction  in  system  vohime  (to  0.36  rrfi) 

•  a  100%  increase  in  cyde  Hie  (from  baseHne  goal  of  100  cycles  to  200  c^^s) 

Volume  reduction  (as  opposed  to  weight)  vras  chosen  as  the  primary  objective  since  avakable  volume  is 
We  oontrolSng  factor  hrnobile  platform  ifopBcations. 

System  level  trade-off  analyses  were  conducted  quantify  meaningful  fochnical  targets  at  tits  single  cell 
level.  These  stur^mScated  that  We  volurm  of  the  power  source  could  be  reduced  via  two  routes.  One 
route  was  Wrough  an  hcrease  m  power  density,  ratting  to  the  use  of  fewer  modules.  A  second  route 
was  through  use  of  Winner  cetis.  These  two  routes  were  independent  and  boW  were  suocessfolly 
pursued.  Power  density  was  increased  to  1.92  W/cnf  without  toss  of  cyde  llfo.  Energy  densky  was 
btcreased  by  designing  oeks  for  operation  at  80%  depW  ofdscharge  based  on  1.75  F/M  of  CoS,  a  30% 
increaae  in  utilization,  and  by  decreasing  the  negative  to  positive  capacky  ratio  from  2:1  to  3£.  another 
30%  kncrease.  These  improvements  can  potentiaHy  reduce  the  100  MJ  baseBie  system  volume  by 
10-20%  if  they  can  be  successfoUy  incorporated  (mdMduaky  or  ookedivefy)  into  multi-cell  bipolar 
modules.  Such  multi-cell  testhg  was  beyond  the  scope  of  Wis  LA^OM  profyam.  Improvements  were 
transiticmed  to  the  ABDEC  scafo-tfo  effort  whkW  focuses  solely  on  multi-cekbfoolar  stacks. 

Candidate  cathode  materials  were  mvestigated  and  only  CoS,  was  identitied  as  havfog  excdlak 
diaracteristics  vfhen  operated  ki  ks  Ngher  vokage  region.  Akemate  cSsultides  and  chalcogenides  could 
not  match  CoSf  for  pulse  performamce  and  open  circuk  stand  capabBty. 

Separaba  materials  were  investigated  as  replacements  for  the  basekne  Magiifo  D  MgO.  SiScon  nkride, 
yWia,  Magox  Super  Premfom  MgO  and  skkered,  pcaous  Mi  were  identified  as  suitable  canctidates  for 
cjualification  as  MagBte  D  replacements.  The  Mi  was  a  dimendonally  stable  material  and  exhfoked  very 
low  residual  or  final  currents. 

Cete  were  redesigned  and  tested  based  ifoon  the  sbove  tindings.  The  cyde  Hfe  goal  of  2(fo  cycles  was 
adtieved  wkh  cells  empio]^  We  reduced  cfuantities  of  the  active  materials.  The  tesf  ceH  tested 
exceeded 350  cycties  arid 2500  incBvkfoal  4-seo(md  pulses.  Freeze-thaw  cycling  was  not  a  problem. 

At  the  condusion  of  fftisprograrn,  the  pofontial  for  reducing  the  baselme  100  MJ  system  volume  by  10% 
and  focreastog  the  cyde  Ike  to  at  least  200  cycles  was  reprodudbly  demcmstrated  wkh  single  cdls. 
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li.lntrocluction 


High  temperalure  batteries  are  very  attractive  for  meetirx)  the  requirements  for  voiumetricaHy  effictent, 
hi^  energy,  pulsed  power  sources  associated  with  electric  weaponry.  At  elevated  temperatures  chemical 
reactions  are  kinetk^  enhanced  whSe  the  conductivity  of  ionic  materials  also  irrcreases.  Salts  in  which 
the  valency  Is  ionic  in  nature  are  good  conductors  when  melted.  The  haide  salts  of  the  akaK  metais  fit 
the  raciuirements  well  and  mixtures  of  such  salts  are  re8ponst)le  for  freezing  pofot  depression  so  that 
mixed  sals  can  have  meWng  points  in  the  range  of  368  to  450*C.  These  temperature  ranges  are 
compatble  wlh  the  Ithium  alloys  and  other  active  materials  and  components  of  construction  comprising 
rrxAen  sal  batteries. 

The  four  mafor  oompTnents  of  any  battery  system  are  the  anode,  cathode,  separator  and  electrolyte.  This 
program  is  drected  to  investigation  of  these  criticai  components  to  develop  a  rechargeable  battery  ceil 
cai^te  of  twelve  4-seoond  pulses  at  a  minitRim  power  density  of  >1.73  watts/cm^  and  at  least  200 
charge  /  discharge  cycles.  As  an  organization,  Westinghouse  has  been  involved  with  secondary  molten 
sal  batteries  employing  an  FeS  cathode  since  the  mid  1970's.  The  appficabUty  of  this  Ithium  attoy/molten 
sal  battery  chemi^  for  electric  vehicles  has  been  demonstrate.  This  accomplishment  spurred 
development  of  ceils  incorporating  the  highly  reversfoie  and  thennaly  stable  CoSg  cathodes  for  higher 
tempeeure.  higher  power  pulsed  appfications. 

The  thin  plate  CoS,  bipolar  battery  has  yielded  over  400  kilojoules  per  kilogram  (of  cel  weight)  fo  pulse 
power  te^ng  using  muliple  pulses  (up  to  12  repetitive  pulses  at  1 .2  A/cmP  for  four  seconds  duration)  in 
muliple  cydea  {over  100)  wlh  muliple  bipolar  cels  in  series.  These  cells,  weighfog  under  5  grams  and 
having  an  area  of  20  cm*,  delivered  an  average  of  1.92  Vi/cttf.  This  translates  into  a  specific  power  of 
>4000  watts  per  pound  and  a  specific  energy  of  50  watt-hours  per  pound.  The  specMfo  pomr  Is 
sppmximsisly  iwo  on/srs  of  msgnituds  hl^mr  than  aqueous  mom  tamparahm  battariaa  such  as 
aUvar  oMa-^ne.  It  la  tMa  axtramafy  high  apadflc  power  parformanea  ffut  makee  this  ayatam 
vUUaaaapr^paamanargyaourca. 

This  program  has  been  carried  out  to  support  the  ARDEC  program  (contract  No.  DAAA21 -88-00029) 
and  from  time  to  time  eriered  areas  to  solve  c^estions  or  otherwise  fil  needs  that  arose  within  that 
program.  The  basic  goals  were  to  improve  cell  components  and  overall  performance.  These 
improvements  were  to  be  incorporated  into  the  ARDEC  program  which  wll  resul  in  delivery  of  a  100  MJ, 
0.40  m*  system.  This  report  covers  al  the  work  done  under  the  LABCOM  performance  improvement  and 
optbnizatton  program.  It  is  divided  into  two  parts.  The  first  part  deals  with  the  cel  compon^,  consisting 
of  the  electrodes,  electrolyte  and  aerators.  The  second  part  deals  wlh  uni  cels;  their  design, 
characteristics  and  harxffing.  The  focus  of  this  development  effort  and  the  appro^hes  taken  are 
summarized  in  Table  1.  The  approaches  folovrad  dire^  from  system  level  trade-off  studies  which 
quantified  the  sensWvIy  that  the  various  cel  fabrication  and  performance  parameters  have  on  the  overall 
system  volume. 


Ill.Cell  Components 

A.Cathodes 

The  baseline  cathode  is  CoS,  and  improvements  were  inlialy  sought  to  replace  first  the  translion  metal 
cation,  and  later  to  replace  the  chafoogenide  anion.  Possbie  replacement  cations  are  the  other  row  3 
translion  elements  Fe  and  Ni  as  wel  as  other  mulivalenced  row  3  metals,  Ti  and  V.  FeS,  is  not  stable  at 
480*C,  the  operating  temperature  of  the  Li  haide  electrolyte  selected  for  use,  and  is  ruled  out  for  this 
investigation.  Rows  4  and  5  elements  such  as  Zr,  Mo  and  W  are  irieresting  materials  because  two  of 
them,  ZrOgand  MoS,  are  used  in  other  nonaqueous  systems  wlh  Li  anodes. 

The  anion  materials  in  the  chalcogersde  series  are  selenium  and  tellurium. _ 
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Tabto  1 .  LAB(X)M  DeMlopmem  Goals  Rxus  on  Significant  System  Level  1^ 


ObitelivM 

Approaches 

•  Reduce  100  MJ  baseline  system 
volume  by  at  least  10% 

*  Screen  disulfide/  caicogenkJe  cathode 
materials 

•  Compare  vottage/cyde  performance  to  CoS, 

-  Demonstrate  pulse  performance  at  1 .75  F/M  MS, 
and  Neg:Pos  ratio  d  1 .5  (vs.  1 .40  F/M  and  2.0 
respectively) 

-  Demonstrate  12  pulse  performance  at  1.92 

W/cm*  (vs.  1 .73  W/cm») 

-  Minimum  end  of  pulsing  vottage  at  >1 .40  volts  for 
good  cycle  life 

•  Replace  Maglite  D  MgO  baseline 
separator 

•  Maxenum  allowable  ceH  thickness  •  0.140 
cm 

•  Rnal  current  <  5  mA/cnf  at  100  cycles 

•  Minimum  end  of  pulsing  voltaoe>  1.40 
votts 

•  GatainAest  commercially  available 
samples  of  MgO,  Y2O,,  SigN  and  AIN 
•  QuarSHy  performance  and  compare  to  Magite  D 

-  Transition  successfel  candidates  into  tape  casting 
and  150  crh*  cells 

-  Verify  performance  in  ARDEC  bipolar  stacks 

•  Demonstrate  new.  dimensionally 
stable  separator  concept 

•  Qualify  in  20  cm^  test  cells  > 
transKlon  to  full  size  200  cm^  ARDEC 
cells  if  successful 

•  Obtain  sintered,  porous  AIN 

•  Rll  pores  wih  moKen  etoctrolyte 

•  Fabricate  and  test  cells 

•  Evaluate  performance 

•  Increase  cycle  life  by  100%  over 
present  baseline  conditions 

-  200  cycles 

•  Maximum  allowabie  ceH  thickness  *  0.140 
cm 

-  Rnal  current  <  5mA/cm* 

-  Minimum  average  power  density -1.73 
W/crh* 

■  15  minute  charge  tkne  for  6  pulse  cycle,  30 
minute  charge  time  for  1 2  pulse  cycle 

•  Quantify  performance  with  both  lithium 
rich  and  lithium  poor  anodes 

*  Reduce  recharge  C.D.  below  100  mA/cm‘ 

*  Increase  time  of  constant  current  charge  and 

reduce  time  at  constant  potential 
-  Quantify  optimum  charging  parameters  for 
maximum  cycle  life 

•  Characterize  factors  affecting 
ceii-to-ceil  balance  in  high  voitage 
bipolar  cell  stacks 

•  Leakage  current  analysis 

•  Analytical  model  and  seal  requirements 
« Overcharge  mechanisms 

•  Ceil  electrochemical  design  via  electrode 
states  of  charge  and  Neg:Pos  ratio 

•  Electrolyte  management 

.  Support  bipolar  edge  seal 
development 

•  Quantify  rate  of  underpotential  deposition 
of  Gthium  (on  or  in  the  edge  seaQ  and  its 
effect  on  cell  life 

•  Recommend  acceptable  materials  of 
construction  for  bipoiar  edge  seais 

*  Measure  underpotentiai  deposition 
airrents  with  potential  ceramic  edge  seal 
materials 

>  Analyze  the  BN  felt  /  UF  edge  seals  in 
used  ARDEC  modules  and  quantify  the 
amount  of  elemental  lithium  present 

These  maisriais  were  tested  bf  befang  made  Mo  pressed  pellet  cells.  The  cell  electrochen^l  design  was 
based  on  the  assumption  that  the  discharge  capacity  corresponds  to  two  faradays  per  mole  (F/M)  of  the 
ooddaitt.  A  mass  of  trMerial  was  weighed  so  ^  the  theoretical  capacity  was  ju^  about  0.4  Ah.  After 
weighing,  the  material  was  admixed  with  electrotyte  (20  w/o)  and  pelletiz^  to  m^e  a  20  cm^  di^.  The 
corresponding  anode  was  designed  to  have  a  capac^  ratio  of  2:1  us^  the  a  +  p  plateau  region  of  the 
UAi  a^.  The  typical  anode  mix  contained  13  w/o  LiSi  aHoy  and  35%  electrolyte.  Rnally,  the  separator 
was  the  Li  halide  mix  (UCIliBrUF)  having  a  440*C  melting  point  and  MagHte  D  MgO  (appnwinM^  50% 
by  weight  MgO  and  50%  by  weight  eiecbolyte). 

The  cells  were  fabricated  under  a  dry  argon  atmosphere  in  a  glove  box  located  wtthin  a  dry  room  and 
property  transported  to  another  glove  box  for  test  in  a  controHed  atmosphere.  The  test  cels  were 
mount^  into  a  test  stand.  The  test  stand  was  a  modified  press  having  heated  platens  so  that  the  cell 
could  be  heated  to  480*C  and  held  under  a  torce  of  35  kg.  After  reaching  tmiperature  arto  allowed  to 
soak  approximately  2.5  hours  to  reach  equiUbrium,  the  cells  were  top  chaig^  at  100  mA/cm^  to  a 
controlled  potential,  usually  1.95  volts.  Pulse  discharges  were  carried  out  for  a  4  second  duration  at  a 
constant  current  density  of  1.2  A/cm’.  The  cfischarge  load  was  electronically  applied  and  timed.  Voltage 
and  current  data  were  acquired  with  a  Nicolet  4049c  Digital  Oecillosoope  and  Nicdet  XF44  dual  cfisk 
drive,  HR3497A  Data  /Vcquisition  System  and  HP9817  for  program  control. 

With  the  exception  of  NiSj ,  the  sulfides  of  Zr,  Ti,  W,  Mo  and  V  polarized  severely  although  their  open 
circuit  voltt^jes  were  high.  Utilization  of  these  materials  was  also  less  than  that  of  the  Co  and  Ni  sulfi^. 
Tungsten  telturide  delivered  over  2.5  F/M  in  a  two-step  discharge  at  a  current  density  of  0.77  A/cnf  , 
however,  it  could  not  handle  the  demands  of  the  higher  current  density  needed  to  achieve  the  target 
power  density  of  >1 .73  W/crrP.  Based  on  these  results  and  calculations  estimating  capacity  per  unit 
weight,  see  Table  2,  the  work  with  other  chalcogenides  was  shown  to  have  lost  its  promise. 


Table  2.  Comparison  of  Molten  Sait  Chalcogenide  Battery  Materials  with  a  Room  Temperature  Nickel-Cadmium 

Rechargeable  Battery 


Electrochemical  Reaction 

Formula  Weight  Sum 

Gravimetric  Capacity. 
mAlvg 

NIS,  +  2U->  NiS  +  L4S 

136.7 

392 

3  CoS,  +  4  Li  ~>  COsS^  +  2Li,S 

396.9 

270 

WTe,  +  2  Li  — >  WTe  -»■  Li,Te 

451.5 

119 

WSe,  -I-  2  Li  ~>  WSe  -i-  Li,Se 

355.7 

151 

NiSe,  -h  2  U  — >  NiSe  +  LigSe 

216.6 

247 

2  NiOOH  -1.  Cd  +  H,0  ->  2  Ni(OH),  +  Cd(OH), 

331.8 

162 

VgS,  +  2  Li  — >  U,S  -I-  2  VS 

212 

253 

NiS,  was  investigated  further  because  it  behaved  similarly  to  CoS,.  The  major  difference  between  the 
two  seemed  to  be  that  while  the  iniliai  6  pulses  had  similar  voltage  levels,  the  NiS,  electrodes  had  a 
steeper  slope  for  the  remaining  6  pulses.  Low  rate  discharge  of  NiS,  cells  dearly  showed  three  voltage 
levels,  see  Figure  1 .  The  highest  and  lowest  voltage  levels  coincided  with  the  high  and  low  levels  of  CoS,, 
but  the  middto  voltage  level  of  the  Ni  sulfide  was  about  100  mV  lower  than  the  corresponding  middle 
plateau  of  the  Co  suKide  compound.  There  was  also  a  difference  in  the  design  between  the  two  cells.  It 
was  known  from  the  literature  that  CoS,  had  three  voltage  levels  corresponding  to  the  foliowing  readions; 

9  CoS,  -I- 12  Li  -»3Co3S4+  BLigS 
3  CO3S4  +  8  Li  — >  CO3S,  +  4  Li,S 
CO3S3  + 16  Li  9  Co  +  8  Li,S. 
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Figure  I.McMDiiiMle  low  Rato  Discharge -Cel  2^^  Cycto32,  J-29tnAtoq.cm. 

However,  the  prior  itterature  revealed  but  two  steps  in  the  discharge  of  NiS^  When  both  NiS,  and  CoS, 
cels  are  designed  using  the  three  observed  levels  m  the  discharge,  then  CoS,  cells  have  a  wei(^ 
advantage,  abeit  a  smal  (fifferenoe  but  measurable. 

The  high  rale  discharges  apparently  carse  the  materials  wlh  the  upper  and  middle  voltes  levels  to 
(Sscha^  as  a  mixed  potentiaL  Since  the  NiS,midde  voltage  is  100  mV  less  than  the  middle  level  of  the 
CoS,  material,  the  mixed  potential  that  of  the  NiS,  material  is  oorrespondfrigiy  less  than  that  of  tfre  Co^ 
maiwial.  When  appropriately  designed  for  a  4  F/M  dscharge  the  C^,cel  has  a  stiffly  greater  energy 
density,  and  the  effective  impedance  of  the  nickel  compound  is  twice  that  of  the  cobalt  compound: 

1.663  -  0.0318P 

V^o.-1-662  -  0.0152p 

where  p  is  the  pulse  number  and  refers  to  the  end  of  pulse  voltage. 

In  the  aqueous  Ni/Cd  battery  doping  the  oxides  of  rsckel  with  oobatt  has  beneficial  effects  and  R  was 
wondered  If  a  similar  synergy  would  be  encountered  if  a  small  quantity  of  cobalt  was  added  to  nickei  to 
make  sulfides.  At  the  10%  molar  level  there  was  some  improvement  but  not  enoucb  to  make  the  doping 
concept  kiterestIng. 

The  conclusion  from  this  work  is  that  CoS,  is  established  as  the  best  cathode  material  for  very  high  power 
density  pulse  discharge  applications.  Other  transition  metal  sulfides  and  other  chalcogenides  do  not 
perform  as  weD  and  also  are  heavier  so  that  gravimetric  energy  densities  are  lower  values  than  those 
associated  with  CoS,.  To  mfninRze  weight  and  volume  tor  the  ARDEC  power  source  for  electric  weaponry 
CoS,  as  the  cathode  active  material  is  the  best  choice  of  the  materials  tested.  It  should  be  mentioned 
that  sfece  Ni^  and  CoS^  must  be  chemically  synthesized  (as  opposed  to  naturally  oocurrfog  FeS,),  the 
cost  dHference  is  not  sicpiificant.  As  will  be  discussed  in  more  detail  later,  the  CoS,  system  exNbits 
excelent  thennal  stsdbility  with  virtuaKy  no  soft  dischaqje  on  oxtentied  open  drcuit  stand  •  even  up  fo 
8-hfs.  Based  on  these  considerations,  use  of  NiS,  is  not  justified  at  tNs  time. 


Pages 


B.EIectmtyt0  Composition 

An  electrolyte  in  a  battery  celi  must  be  ionicalty  corxiuctive.  To  have  a  good  conductivity  it  must  be 
operated  at  some  temperature  above  its  melting  point.  Its  fcjnction  is  to  particle  in  the  chiu^  transfer 
processes  that  occur  at  ea^  electrorte.  Since  the  electrode  processes  are  oxidation-reduction  processes, 
the  charge  carrying  process  on  the  other  side  of  the  electrodes,  the  load  side,  are  electronic  in  nature. 
These  may  be  electrons  or,  equivalently,  holee  in  the  conductors.  The  anode  process  is  the  stripping  of 
etoctrons  from  Li  metal  in  the  alloy  resulting  in  electrons  to  the  load  and  injection  of  Li*  ion  Mo  the 
electrolyte: 


Li(alloy)  Li*  +  e‘ 

The  cathode  process  removes  a  Li*  ion  from  the  electrolyte  when  an  electron  is  capturi«xi  from  the 
external  load: 


3  CoSj-r- 4  Li*+ 4  e  — >  COjS«+  2  Li^S. 

If  the  electrolyte  consists  of  halide  salts  of  different  cations,  eg.,  the  LiChKCI  eutectic  (M.P.  ~350  °C) 
there  will  be  local  compositional  changes  which  can  lead  to  precipitation  because  the  local  freezing  pcxnts 
change  accordingly,  it  is  obvious  that  when  only  one  cation  specie  is  involved  electrolyte  composition  is 
invariant.  Transport  properties,  capillarity  and  gravity  also  keep  the  electrolyte  in  place.  While  the  quantity 
of  electrolyte  is  invariant  the  distribution  will  change  because  of  compositional  and  density  changes  of  the 
reactants  and  products  which  are  related  to  the  state  of  charge  of  the  cell. 

The  electrolyte  selected  has  the  following  composition: 

UF  22  m/o 

LiCI  32  m/o 

LiBr  47  m/o 

This  composition  has  a  melting  point  of  ~440*^.  Typically,  cells  are  operated  50”C  above  this  melting 
point  Because  electrode  porosities  change  as  a  function  of  the  state  of  charge,  the  amount  of  electrolyte 
installed  into  a  new  cell  must  be  a  quantity  sufficient  to  avoid  a  capacity  limitation  to  due  a  decrease  of 
electrode/electrolyte  interfaciai  area.  The  only  way  to  determine  this  quantity  at  this  time  is  empiricaliy, 
and  recounting  of  this  work  shall  be  delayed  to  another  section  of  the  report.  Later  we  shall  see  that  there 
is  a  'formation''  of  the  cells,  observed  as  an  improvement  of  performance  over  the  first  1 5-20  cycles.  This 
improvement  is  associated  with  a  change  in  thickness  of  the  cell  with  time,  and  the  redistribution  of 
eiectrolyte.  Electrolyte  management  is  important  in  this  as  in  other  battery  systems. 

C.Anodes 

The  mixed  Li  alloys  (UAI,  LiSi)  were  chosen  to  operate  in  the  LiAl  a  -i-  p  plateau.  This  plateau  ranges  from 
an  atomic  composition  between  10  and  48  a/o  for  LiAl.  Also  incorpo^ed  in  the  ancde  is  a  LiSi  phase 
with  an  electrochemical  potential  close  to  that  of  the  a  +  8  phase  transition.  This  operational  region 
causes  the  anode  to  be  300  mV  less  anodic  than  pure  Li,  but  this  composition  is  chosen  for  several 
reasons.  Rrst  is  its  ability  to  cycle  between  charge  and  discharge  states.  The  second  reason  is  that  its 
melting  point  of  approximately  640'’C  is  compatible  with  the  high  operating  temperatures  needed  to 
achieve  high  specific  power  and  high  electrode  power  densities.  Power  densities  on  the  order  of  1 .73 
watts/crrF  (or  preferably  greater)  are  necessary  to  achieve  practical  packaged  system  volumes.  In  order 
to  obtain  information  about  regaining  this  300  mV  toss,  a  literature  search  was  conducted. 

Bouluunp  investigated  conductive  matrix  allr^s,  but  these  materials  have  high  pplarization  resistances. 
Huggins  reexamined  these  alloys  again  in  1986  but  no  progress  of  significance  to  our  work  on  pulse 
batteries  was  reported. 
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Liquid  tthkjm  anodes  were  the  first  kind  iooked  at,  but  this  required  a  material  to  confine  the  liquids  and 
also  requited  that  the  separating  material  be  a  fast  lithium  ion  conductor.  The  so-caled  fast  Li  ion 
conductors  known  to  date  are  only  "moderately  fast"  and  would  not  be  sukable  for  the  high  rate/high 
power  discharges  of  pulse  batteries.  There  is  a  material  composed  of  an  ultrafine  iron  powder  and  ithium 
which  is  a  pa^  above  200"C  and  can  be  formed  ito  ingots.  Catalyst  Research  Cr^ration  (recently 
purchased  by  Salt),  the  company  to  which  the  patent  is  assigned,  refers  to  this  liquid  anode  as  LAN.  This 
material  does  have  sufficient  interest  to  be  mamined  for  the  present  appfication. 

Aigonne  National  Laboratory  also  had  liquid  anodes  restrained  by  porous  metal  structures  such  as  wicks, 
honeycombs,  expanded  metais,  screens,  foam  metals  and  metal  wools.  The  nature  of  the  materials,  Ni, 
Fe  stabiless  steel  were  described  by  ANL  They  obtained  up  to  70  charge-discharge  cycles  and  that 
when  failures  did  occur  they  were  due  to  mechanical  chatiges  of  the  cathode  such  as  swelling  or 
movement.  It  should  be  noted  that  ANL  used  as  electrolyte  a  eutectic  composition  of  KCi  and  LiCI. 

The  failure  modes  of  liquid  lithium  anodes  were  discussed  by  Vissers  as  well  as  Huggins^.  These  failure 
modes  are  an  increasing  impedance  noted  as  increasing  oveoiioitage,  macroscopic  shape  change, 
operation  below  the  melting  point  causing  dendrites,  filamentary  or  whisker  grc^h  which  disconnect  and 
gives  rise  to  a  capacity  loss.  Another  major  failure  mode  is  deposition  of  Li  which  occurs  everywhere  the 
potential  is  appropriate  and  an  electrode/electrolyte  interface  exists.  In  this  case  the  solid  electrode  may 
be  tab  matei^  or  the  collector  material.  The  electrodeposition  of  pure  metal  can  also  cause  a  situation 
similar  to  supercooling  which  happens  when  there  is  solute  depletion  in  the  electrolyte.  When  there  is  a 
reaction  of  the  electrode  material  with  electrolyte  and  layers  form  on  the  electrode,  these  layers  can 
ionicaBy  block  further  reaction.  In  turn  the  current  density  becomes  nonuniform  and  cause  local  depletion 
'^ftheelectiolyte. 


The  above  literature  information  had  been  used  as  a  guide  in  the  anode  investigation.  It  is  weR-known 
that  whoever  the  reactants  are  together  and  that  a  source  or  sink  of  electrons  meet,  and  the  Gbbs 
energy  is  negative,  then  the  electrochemical  reaction  will  proceed.  Using  these  principles  of  heterogeneity 
and  spontaneity  we  advocated  that  the  cell  case,  if  a  conductor,  not  be  at  the  potential  of  the  anode.  To 
achieve  this  it  could  be  at  a  floating  potential  as  when  a  feedthrough  tt  used,  or  it  may  be  at  the  potential 
of  the  positive  electrode  if  this  does  not  lead  to  corrosion,  or  an  insulating  film  may  be  used  to  prevent  the 
meeting  of  electrolyte  and  conductive  case.  A  film  of  insulating  material  may  be  used  to  protect  the  tab 
and  the  internal  tenninal.  Thus  the  electrode  conductor,  say  an  'ron  wool,  in  contact  with  the  electrolyte  is 
the  only  place  where  the  conditions  are  appropriate  for  electrodepositfon  of  Li. 

Sources  of  porous  anode  bodies  were  sought.  Steel  wool  manufoctured  by  International  Steel  Wbol 
Corporation  in  Springfield.  Ohio,  grade  0000  has  a  wire  diameter  of  0.015  to  0.025  mm  having  a 
composition  of  1 1%  carbon.  0.64  to  0.86%  Mg,  up  to  3%  sulfur  and  the  difference  beii^  iron.  The  steel 
wool  was  cleaned  using  an  aflrelfoe  cathodization.  By  compaction  to  a  90%  porosity  it  is  estimated  than 
an  electrode  contairting  Li  at  34  w/o  should  be  our  goal  (the  LAN  has  a  composition  of  20  w/o).  The 
material  was  measured  to  determine  whether  it  is  efoaptabie  on  an  electrode  structural  basis.  The  results 
were: 


not  compressed  1 .52  mm 

slight  corrqpression  0.25  mm 

strongly  compressed  0.13  mm 


98.5%  porous 
91.1%  porous 
82.2%  porous 


The  material  appeared  suitable  with  moderate  compression.  A  holder  was  made  to  capture  the  material 
whie  bnpregnating  with  metallic  fithium.  There  are  two  approaches  for  the  impregnation.  One  is  to  rely  on 
capillarity,  and  the  second  is  via  an  eleclrod^sosition  process. 

Steel  wool  which  is  mostly  iron,  was  obtained  iocally  in  grade  0000  manufactured  by  Rhodes,  was 
degreased  and  prepared  by  cathodization  in  2  N  NaOH  solution.  The  material  was  cut  to  5  by  14  cm. 
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weighed  2.791  g  and  was  compacted  to  0.625  mm  in  a  frame  fabricated  in  the  model  shop  from  stainless 
steel.  The  orthodizaticm  current  was  set  at  2  arr^res  and  run  for  60  minutes.  Weight  loss  on 
cathodization  was  1 .5%.  As  part  of  the  cleansing  technique  after  washing  the  steel  wool  to  eliminate  the 
NaOH,  the  remaining  water  was  also  eliminated  using  absolute  methanol.  The  subsequent  drying  would 
aUow  rust  to  form  if  water  is  present.  The  cleaned  steel  wool  was  stored  in  a  desiccator.  The  Harney 
patent*  as  well  as  the  literature  search  revealed  where  Catalyst  Research  was  investigating  the  use  of  Ni 
powders  as  a  replacement  for  Fe  in  LAN  electrodes.  The  search  also  revealed  a  LijN,  Li  composite 
termed  Linode  which  is  rechargeable  and  does  not  suffer  the  300  mV  loss  caused  by  using  the  Al  and  Si 
alloys  of  Li.  The  rights  to  the  Linode  material  are  owned  by  the  Canadian  Government. 

Other  sources  of  stnjctural  anode  materials  contacted  were  EG&G  Wakefield  Engineering  who  could  not 
meet  the  90%  porosity  requirement  and  National  Standard  for  Fbrex.  All  Fforex  made  at  present  uses  Ni 
and  National  Standard  is  not  interested  in  making  any  from  iron  as  a  starting  material. 

While  several  of  these  materials  have  merit  and  the  concepts  should  be  pursued,  our  main  objective  was 
to  provide  timely  support  for  the  concurrent  ARDEC  program.  For  this  reason  this  aspect  of  the  program 
was  not  brought  to  a  successful  conclusion,  the  work  deserves  Mure  support. 

D.  Separators 

The  separator  in  use  at  the  beginning  of  this  program  was  Maglite  D  MgO,  manufactured  by 
Calgon/Merck.  Because  future  supply  of  this  material  was  questionable,  it  became  imperative  to  find  and 
qualify  a  substitute.  Magnesia  has  many  sources.  Some  sources  are  minerals  dug  out  of  mountains  while 
another  source  is  the  ocean.  The  sources,  its  purification  and  the  resultant  particles  somehow  influence 
the  acceptability  of  the  MgO  powder  for  use  as  a  separator.  Maglite  D  is  characterized  by  being 
extremely  low  density  and  exhibits  fluid*like  properties. 

The  magnesia  and  electrolyte  are  mixed  together  in  the  required  proportions  and  the  composition  allows 
us  to  refer  to  it  as  semkJry.  The  entire  cell  may  be  considered  semidry  Jnce  there  is  very  little  or  no 
mobile  electrolyte  in  it  when  it  reaches  temperature.  If  too  much  ei^rolyte  is  used,  the  othenvise 
unbound  separator  washes  out  and  the  cell  becomes  shorted.  The  separator  has  no  molecular  bonding 
between  particles  and  the  powder  is  probably  held  in  place  by  capillary  forces. 

Potential  materials  should  be  stable  in  the  ceil  environment  and  these  include  ceramic  type  refractory 
oxides  and  nitrides.  These  include,  of  course,  other  magnesium  oxide  powders,  titanium  and  yttrium 
oxides  and  among  the  nitrides  are  aluminum,  lithium  and  silicon.  One  of  these,  AIN,  has  an  excellent 
thermal  conductivity  and  by  means  of  powder  techniques  can  be  made  into  a  porous  sintered  body. 
Sintering  would  then  permit  us  to  achieve  a  dimensionally  stable  separator. 

I.LHhIum  NHride 

Lithium  nitride  (LigN)  was  dried  overnight  in  a  vacuum  furnace  at  350°C,  sieved  through  a  300  mesh 
standard  screen  and  made  into  a  test  cell.  The  material  is  maroon  in  the  dry  state  and  pink  when 
admixed  with  electrolyte.  U,N  is  a  solid  state  ionic  conductor  with  the  Li"^  ion  serving  as  the  charge  carrier. 
When  the  test  cell  was  mounted  in  the  test  stand  the  cell  exhibited  a  voltage  of  1 .1958  volts  at  28°C.  This 
is  unusual  since  magnesia  is  an  insulator  and  no  voltage  is  read  until  the  electrolyte  is  heated  sufficiently 
to  become  an  ionic  conductor.  Upon  heating  the  voltage  increased  as  the  temperature  increased.  The  cell 
reached  a  peak  voltage  of  1.806  volts  when  the  temperature  was  385^,  still  below  the  melting  point  of 
the  electrolyte.  The  voltage  decreased  first  to  about  1.6  volts  and  then  to  about  1.35  volts.  The  cell 
appeared  to  be  self-discharging  rapidly  and  when  it  fell  below  1.2  volts  charging  was  started  at  100 
rnA/crn*.  The  voltage  went  to  1.4  volts  and  then  decayed  while  remaining  on  charge.  The  self-discharge 
rate  appeared  to  become  greater  than  the  charge  rate  as  evidenced  by  the  decreasing  voltage.  The 
charging  current  density  was  pro^’essively  increased  to  150, 200,  225  and  620  mA/cm*  and  at  all  levels 
the  ^-discharge  rate  appeared  to  be  increasing.  Upon  charge  interruption  the  voltage  held  at  the  1 .3 
volt  level  for  nearly  two  minutes  and  then  fell  to  zero  within  another  six  minutes.  This,  too,  appears  similar 
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to  discharoe  through  an  ttctemal  load  and  suggests  we  consider  the  partial  short  circuit  as  an  internal 
load. 

The  ceH  was  inspected  in  the  dry  room.  The  pirrft  color  of  the  separator  was  gone  although  the  three 
tayers  oomprisitKl  the  anode,  cathode  and  separator  could  still  be  (fistinguished.  The  (tisk  was  fractured  to 
aid  observations  and  allowed  us  to  ctiscem  that  the  edge  appeared  to  have  cobalt  folded  over.  A  pieoe  of 
the  disk  of  irregular  shape  was  broken  off  eo  that  the  edge  was  no  longer  involved.  The  area  of  this  piece 
is  estknated  at  0.8  cm*.  The  resistance  from  face  to  face  was  measured  usbig  a  Data  Precision  Model 
2480  digital  meter.  The  resistance  is  0.023  kQ  using  a  two  probe  mettiod. 

The  time  at  the  various  voltage  levels  are: 


Upper 

3.85  n^utes 

0.084  Ah 

Middle 

5.00  minutes 

0.103  Ah 

Lower 

14.35  minutes 

0.243  Ah. 

These  capacities  were  estimated  from  the  resistance  measurements  (0.92  D  for  the  20  cnf  ceH),  the 
voltage  level  and  the  duration.  The  capacity  discharged  ajms  to  0.43  Ah  while  the  theoretical  capacity  for 
a  complete  discharge  (4  F/M)  is  1.23  Ah.  The  internal  loss  is  three  times  this  estimate.  To  reconcfle  this 
discrepancy  we  can  assume  the  internal  shorting  resistance  is  not  the  0.92  Q  measured  at  room 
temperature,  but  is  about  0.3  Q  at  elevated  temperature. 

The  resistance  may  be  regarded  as  having  at  least  one  non-blocking  electrode  and  being  made  wtih 
direct  current.  The  conducting  species  are  electronic  in  nature  and  not  ionic  as  required  for  the 
discharging  process.  The  thermal  coefficient  of  resistance  showing  a  decrease  with  temperature  augurs 
for  something  unusual  as  the  conductor,  not  A1  nor  Co  metals.  This  sort  of  behavior  would  be  consistent 
with  final  currents  being  high  and  is.  perhaps  supplying  some  due  cfoout  the  nature  of  final  currents. 
Electrochemical  systems  to  which  a  constant  potential  Is  appfied  have  a  current  that  decays  to  non-zero 
values.  The  processes  that  occur  are  generally  called  thermal  reactions  but  may  be  due  to  shuttle 
mechanisms  or  due  to  interaction  with  the  atmospheres.  In  multiceli  batteries  which  have  no  common 
electrolyte  pathway  shuttle  mechanisms  may  be  most  important.  It  does  appear  that  the  cells  of  a  series 
string  of  batterv  cells  behave  similarly  tor  longer  periods  of  time  if  the  residual  current  is  low.  This 
similarity  of  behavior  is  expressed  as  Iraianoe”  or  "matching”  of  ceMs,  so  that  when  a  battery  is  placed  on 
a  constarti  current  charge  the  cross-over  pdrti  to  constant  potential  is  just  about  the  same  for  all  ceBs. 
When  this  occurs  each  cell  undergoes  discharge  to  the  same  depth  and  overcharge  to  the  same  degree. 
With  low  final  currents  the  overcharge  rates  are  equdiy  low. 

I^pon  ceil  assembly  a  voltage  had  been  observed,  and  this  is  accounted  for  on  the  basis  of  Li/J  befog  an 
ionic  conductor  even  at  room  temperature.  We  are  dealing  with  an  anode  capable  of  product  Li*  ions 
and  electrons,  a  cathode  capable  of  being  reduced  by  ubiquitous  Li*  ions  and  electrons.  All  that  is 
needed  is  a  pathway  tor  electrons  to  leave  the  anode  and  reach  the  cathode  and  such  a  pathway  is 
supplied  by  the  voltmeter.  Upon  heating  to  385"C  there  is  an  onset  of  electronic  conducth^  directly 
between  the  anode  and  cathode.  The  electronic  conduction  increases  with  temperature  and  time. 

The  special  conductivBy  of  Li,N  is  viewed  as  a  detriment  when  used  as  a  separator,  but  it  still  may  be 
especially  useful  in  the  anode  composition  to  attain  the  additional  250  to  300  mV  per  ceB.  In  this  case  the 
electronic  component  of  conductivity  would  be  beneficial  instead  of  detrimental  to  the  ceB. 

2.Smcon  NHride  Powders 

SijN^  was  tested  in  ceils  using  2.0  grams  of  a  50-50  by  weight  mix  of  the  powder  and  electrolyte.  SijN^  is 
an  h^lator  and  not  an  ionic  conductor  so  no  voltage  is  measured  at  room  temperature.  After  heating  to 
480*C  a  top  charge  was  applied  using  1  ampere  as  a  current  limit  and  electronically  limiting  the  applied 
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voltaoe  to  1 .95  volts.  The  input  amounted  to  14%  of  the  theoretical  capacity,  it  is  known  from  XRD.  DTA 
and  othwtop  charge  work  that  the  CoS,  used  is  ncrt  fully  charged,  some  00,84  being  present  resuking  in 
ik)out  an  80%  state  of  charge.  The  top  charge  sen/es  to  start  the  pulsing  from  a  condition  of  full  charge. 

The  end  of  pulse  vottage  on  the  sixth  pulse  was  1.58  V  and  on  the  twelfth  pulse  was  1.^  V  on  the  very 
first  cyde.  AAw  forming  these  values  increased  to  over  1 .60  V  and  1 .54  V  respectively  by  the  fifth  cycle. 

Si,N4  was  considered  a  possttile  candidate  for  further  qualification  as  a  substitute  for  MagUte  D. 

a.Aiumlmim  NttfWi 

AIN  was  tested  as  a  powder  as  well  as  porous,  sintered  (fisks.  The  excefient  thermal  conductivity  of  AIN 
makes  it  very  desirable  as  a  separator  since  the  thermal  conductivity  does  not  compromise  its  insulating 
properties.  The  powder  materials  do  not  lend  themselves  to  fabrication  of  reliable  separator  pellets.  In 
some  bwtances  the  pelletB  broke,  and  in  other  instances  the  cells  had  some  degree  of  intemd  short 
ckrcuiting.  Powder  materials  from  two  different  sources.  Alfa  and  Cerac.  were  used.  The  first  step  in 
overcoming  these  difficulties  was  to  use  greater  weights  of  AIN  (compared  to  baseline  MgO  separators), 
resultmg  in  thicker,  more  robust  separators  less  prone  to  damage  or  shorting.  The  materials  from  the  two 
sources  behaved  differently.  Unilte  Cerac  material,  the  Alfa  AIN  performed  well  in  spite  of  the  greater 
thickness.  One  cell  exceeded  100  cycles  with  acceptable  end  of  cycle  voltages  and  demonstrated  the 
chemical  stability  and  physical  characteristics  necessary  to  qualify  the  use  of  AIN  as  a  potential  separator 
replacement  for  MgO. 

To  overcome  the  difficulties  experienced  with  AN  as  a  loose  powder,  emphasis  was  placed  on  obtaining 
sintered  disks  of  porous  AHM.  Based  on  their  experience  and  expertise  with  AIN,  Carborundum  (Sanborn, 
New  York)  was  selected  to  fabricate  the  porous  bodies.  Because  the  fabrication  of  thin  (**0.025  m.),  flat, 
porous  AIN  (35  -  50%  porosity)  had  never  been  attempted  before,  it  was  decided  to  develop  the  process 
and  tMt  the  strength,  handling  and  operating  characteristics  wfih  roughly  3  in.  x  3  in.  coupons.  2  in. 
diameter,  20  cnF  discs  could  then  be  laser  from  these  coupons  and  tested  the  same  as  aO  other  20  cm^ 
cells  used  throughout  this  program.  The  decision  to  proceed  with  scalenip  to  fuU  area  (200  cnf)  pieces 
and  incorporation  into  ARDEC  test  modules  was  dependent  on  successful  concept  verification  at  the  20 
cm?  size. 

Note  that  the  exact  process  used  to  produce  these  sintered  AIN  pieces  is  proprietary  to  Carborundum. 
Conceptual^,  the  porous  AIN  samples  are  prepared  by  admixfog  AIN  powder  with  pore  formers  and 
stabilizers  and  casting  a  green  slab.  The  slabs  are  then  sintered  in  a  controfied  atmosphere  furnace.  The 
pore  former  is  decomposed  in  the  furnace  and  tt»  powder  particles  sinter  ifoout  the  openings  left  by  the 
pore  formino  material.  Porosity  variations  are  obtained  usiiig  different  temperatures.  The  characteristics 
of  three  different  runs  are  shown  in  Table  3.  As  can  been  seen,  porosfiies  can  be  controfied  over  a  fairly 
wide  range.  The  pore  diameters  and  porosity  were  determined  by  mercury  porosimetry.  The  strengths  of 
the  samples  were  inversely  related  to  the  porosities.  Because  of  brittleness,  these  materials  are  best  cut 
using  a  laser  cutting  tool  in  an  inert  atmosphere.  A  photograph  of  the  disks  and  a  micrograph  showing  the 
nficfD*struclure  are  shown  in  Figures  2  and  3  respectiv^.  All  samples  possessed  suffident  strength  to 
permit  handling  without  breaking. 


Table  3.  Characteristics  of  Porous,  20  AIN  Disks 


Sample 

Porosity, % 

Maximum  Pore  Size,  u 

V-115 

48.6 

1.72 

0.32 

V-120 

4^2 

1.93 

0.29 

V-116 

34.8 

2.18 

0.27 
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Rgwe  2.  Fused  separator  laser  cut  to  2  m.  diameter.  Figure  3.  SEM  photograph  (x10,000)  shows  fused 
Size  is  compatible  with  20  cm2  test  cells  permitting  structue  with  open  channel  porosity.  Sample  shown  is 

testing  of  rigkf,  edge  seal  separator  structures.  3S%  porous  •  max.  pore  diameter  *  0.27  4. 


These  small  capillaries  have  to  be  filled  with  electrolyte.  This  is  an  interesting  process,  first  to  get  the 
molten  electrolyte  into  the  pores  and  second,  to  avoid  distortion  or  cracking  of  the  impregnated  separator 
as  the  electrolyse  cools  and  solidifies. 

An  aliquot  of  electrolyte  was  melted  in  a  pyrex  crystallizing  dish  inside  a  glove  box  containing  a  dry  Ar 
atmosphere.  The  coupon  of  porous  AIN  was  brought  into  contact  with  the  melt  at  a  very  low  angle  to 
minimize  gravitational  effects  and  to  prevent  freezing  as  the  melt  ascends  the  capillaries.  Capillary  filling 
of  this  sort  permits  gases  in  the  pores  to  be  eliminated  by  replacement  with  the  liquid  electrolyte.  Capillary 
filling  did  occur  rapidly  and  the  wetting  front  was  clearly  oteen/ed.  Further,  the  20  cm^  di^  remained 
flat  and  did  not  crack  upon  electrolyte  freezing. 

The  thicknesses  of  these  separators  are  0.64  mm  (0.025  in.)  as  compared  to  powder  pressed  MgO 
separators  which  are  0.2  mm  thick  (0.008  in.).  Because  of  this,  the  end  of  pulse  voltages  are  lower. 
voltage  limit  on  charge  was  increased  from  1 .95  volts  to  1 .98  volts  to  compensate  for  the  greater  ohmic 
drop  in  the  separator.  Pulse  discharge  testing  consisted  of  five  cycles  of  6  pulses  followed  by  a  sixth 
cycle  of  12  pulses  (normal  qualification  routine).  The  results  of  the  pulse  performance  are  shown  in 
Rgure  4  for  least  and  most  porous  of  the  AIN  sintered  separators  along  with  a  comparison  to  one  of  the 
better  MgO  powder  separators.  The  MgO  separator  is  about  one  third  the  thickness  and  has  less  of  a 
voltage  drop.  Even  so,  these  data  do  show  that  the  average  power  does  not  suffer  excessively  from  the 
use  of  the  sintered  AIN  materials.  System  designs  can  compensate  for  the  slightly  reduced  power  levels; 
an  average  power  density  of  1.73  W/cnf  over  12  pulses  is  the  baseline  point  design  for  the  100  MJ  (40 
ntodule)  ARDEC  battery  system.  While  the  power  density  values  are  deemed  satisfactory,  there  are  other 
aspects  of  these  separator  materials  that  are  superior. 

Rrst,  it  should  be  noted  that  the  data  of  Figure  4  are  t2U(en  after  the  cells  have  reached  the  100  cycles. 
Second,  the  final  or  background  currents  observed  with  the  sintered  AIN  separators  are  the  lowest  values 
thus  far  observed,  Rgure  5.  After  formation,  the  50%  porous  material  yields  background  currents  below 
2  mA/cm^ after  charges  of  only  one  hour  duration.  Final  currents  decrease  to  1  mA  or  less  after  overnight 
or  prolonged  charges.  The  less  porous  sinter  has  even  lower  background  currents.  The  MgO  material 
us^  for  comparison  has  short  term  values  of  5  mA  which  decreases  to  about  1  mA  after  the  prolonged 
charges.  There  is  some  evidence  that  cells  (in  bipolar  stacks)  remain  in  better  balance  and  cycle  life  is 
increased  for  cells  with  low  background  currents. 

The  thickness  changes  tor  these  sintered  AIN  separators  were  compared  with  the  powdered  MgO 
separators.  The  thickness  change  over  100  cycles  of  the  MgO  containing  cells  is  0.25  mm  (0.010  in.) 
while  that  of  the  AIN  cells  is  only  0.15  mm  (0.006  in.).  It  is  felt  that  this  difference  is  evidence  that  the 
sintered  AIN  separators  are  dimensionally  stable.  This  dimensional  stability  augurs  well  for  full  size,  150 
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oti  bipolw  moduto  design  by  redudno  the  oeN  stack  ooNapM  by  appiQKimiie^  0.00  in. 
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Figure  4.  BcSi  dbraraionaly  stable  AIN  leparalors  tested  hsve  exceeded  «« 100  cyds  gosi  St  SMnoe  power  daedss 
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Fiipjre  5.  Fused  AIN  sepsratore  ranging  from  35%  •  50%  poiosity  ytoU  eockeinely  tew  fnal  currents. 

There  is  ateo  photographic  evkJenoe  to  support  the  contention  that  siraered  AM  te  dbnendonaly  dabie. 
Upon  dissection  at  the  end  of  testing  the  ceils  were  fractured  and  examined.  Micrographs  of  a  V-116 
separator  (348%  porostty)  and  of  a  MgO  separator  are  shown  in  Figures  6  retd  7.  in  addttior 
substantiating  dimensional  stablly  the  AM  sepreator pristine  white  as  it  was  originally  when  the 
was  made.  There  is  penetration  of  the  alectrode  materials  into  the  MgO  as  evidsnoed  by 
dbooioration.  and  the  8^  ^'rator  materiai  was  obviously  compressed  and  dtetorted  during  testing. 
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Figure  6.  MA60X  MgO  separator  after  372  cycles.  Note  Fgure  7.  V116  AIN  separator  (35%  pcmsit^  after  more 
bteidtog  to  separator  arto\Mny  characteristic  than  100  cycles.  Note  pristine  white  color,  complete 

absence  of  banding  and  the  dunensional  stabHity  of  the 
separator. 

The  surfaces  of  the  sintered  AIN  separators  were  examined  by  heating  the  cell  and  removing  the 
electrode  pellets.  The  separators  were  found  to  have  several  cracks  which  led  to  testing  for  the 
freeze-thaw  capability  of  this  separator.  Four  freeze-thaw  cycles  were  used.  At  the  end  of  the  test  the  ceH 
was  brought  into  the  dry  room  for  a  cold  resistance  test  with  a  digital  ohmmeter  which  indicated  the  cold 
resistance  was  greater  than  10  megohms.  The  test  sample  was  heated  and  the  cathode  removed.  Upon 
microsoopic  examination  the  separator  was  found  to  be  cracked  as  ware  the  first  test  celts  and  the 
fracture  cross-sections  were  similarly  dean  and  give  yet  more  evidence  of  dimensional  stability. 

The  low  rate  discharges  of  ceUs  with  the  dimensionally  stable  AIN  separators  were  informative.  These 
discharges  were  carried  out  at  25  mA/cm^  to  minimize  the  ohmic  loss  due  to  the  thicker  separators.  One 
such  (fischarge  is  shown  in  Figure  8  where  856  mAh  were  obtained  to  0.9  volt.  This  corresponds  to  90% 
of  the  4  F/M  capacity  (946  mAh).  After  an  overnight  recharge  at  1 .98  voHs  with  a  constant  current  limit  of 
1 00  mA/cm' .  the  cell  was  subjected  to  1 2  consecutive  pulses  under  the  standard  1 2  A/cm*  for  4  seconds 
(320  mAh)  followed  by  another  25  mA/cm*  discharge,  see  Figure  9,  and  the  total  capacity  obtained  was 
846  mAh.  The  end-of-pulse  voltages  were  depressed  by  100  mV  when  compared  to  vafoes  before  the 
deep  discharge,  but  the  middle  and  lower  plateaus  were  not  affected  by  the  deep  discfuuge,  neither 
voltage-wise  nor  capacity-wise. 


jnrn 


Figures.  LowRitoDiichirgsofCelUkBCM^^ 


Figures.  Cel  LCBCM  2062F  Cycles  106  to  110 
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in  view  o(  the  queKy  of  these  test  muto  K  wee  teoomroended  that  laiger  sepafetoia  auKable  tor  use  in 
toture  ARDEC  teet  moduios  be  tobrioeted.  A  photograph  of  a  iaiger.  150  cm*  separator  is  shown  in 
Hours  10.  Such  piecee  are  iasar  cut  (to  the  shape  shown)  from  iatger  pieoes  that  were  of  a  square 
oonfiouration.  SoaleHjp  to  this  size  pressed  soma  problems.  When  hast  trseling  to  500*C  in  the  vaoiMim 
tomaoe  a  speciai  effort  was  requirsd  to  enaure  that  the  work  pieoes  were  untform^  heated  by  the  radtont 
energy  to  avoid  a  dMsreniial  themwl  expenaton  that  would  lead  to  dtolortion  and  fracturing.  Ater  aoMng 
this  probism  a  qtedai  fixture  had  to  be  made  to  impregnate  ttie  larger  separators.  The  metal  frame 
hoiducg  uaed  forthe  5  cm  dtamaiar  dtaka  thjn  wire,  bid  aMtor  frame  hoidara  of  laraer  dtometsr  wire 

totioduoed  thermal  shock  and  frames  had  to  be  made  ustog  the  thinnor  wire.  Aieo.  the  smal  angle  ueed 
when  kisarting  the  separator  into  the  molten  etoctrolyte  became  critical  witti  the  iaiger  pieoes.  CapRaiy 
rise  in  the  pores  is  about  5  mm,  and  5  mm  tor  a  SO  mm  wide  piece  is  lees  crifical  than  5  mm  for  a  wider 
150  mm  separator.  Now  that  the  requiroments  for  auooessfaly  scafing  up  the  processes  and  procedures 
have  been  eetabished  fi  remains  to  quaMy  the  laiger  separalOT  using  ful  size,  tape  cast  cels  in  seeled 
moduiee. 


Figure  ia  Ri  SizB  DiTMndoialy  SWto  AM  Sepwator 


AXim 

Testtog  of  yttria  (Y,0,)  was  done  using  a  mix  of  58  w/b  yttria  with  42  w/o  electrolyte  and  taking  2.4  g  for 
the  20  cm^  cefl.  The  oompositton  was  selected  on  the  basis  of  density  of  the  materials  so  that  the  volume 
oomposMon  would  be  the  same  as  the  cefis  having  MgO  separators.  The  top  charge  insertion  was  in  the 
order  of  60  mAh  which  corresponds  to  18%  of  the  theoretical  value  of  the  CoS,.  This  is  in  good 
agreement  with  the  expected  80%  state-of«diarge  as  previousiy  described  in  this  report  The  final  current 
after  the  short  temn  ctusge  was  5  mA/crh*.  Alter  several  cycles,  during  which  the  tormation  process  took 
place,  the  final  short  term  charge  current  decreased  to  3-4  mAAxn*. 

Pulse  tsMing  resulted  in  1.54  vofis  at  the  end  of  the  sixth  pulse  and  1.44  volts  at  the  end  of  the  twetfth 
puiee.  After  declaring  this  materiai  as  a  candUate  for  repiMing  Magte  D,  a  ceil  with  a  yttria  separator 
was  stress  tested.  Stress  testing  involved  a  number  of  chimges  in  procedures.  Final  currents  were 
investigalsd  as  a  toncfion  of  charge  voNage  and  these  data  are  shown  in  Figure  11  where  the  2.2  mA/Cm* 
at  1.95  voks  increased  to  3.4  mA  at  2.06  volts.  We  dkl  not  go  higher  in  voltage  becaise  previous 
evidence  indicated  that  some  other  process  starts.  The  final  currents  were  also  tolowed  to  see  how  they 
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might  change  with  cyde  life  or  aging,  but  de^  discharge  cydes  may  have  confounded  the  results.  A 
number  of  deep  cBsdtarges  were  mn  using  the  pulse  discharge  technique.  On  cyde  20  there  were  19 
pulses  which  resulted  in  dschatge  of  materials  at  the  i^iper  and  middle  plateaus.  foUowed  by  37  pulses 
on  the  very  next  cyde  to  discharge  afl  avaiiabte  material.  This  was  subsequently  followed  by  34  put^  on 
cyde  28,  and  39  pulses  on  cyde  52 .  After  the  d^  discharge  on  cyde  28,  a  d^raded  performance  was 
observed.  Alter  leavftig  the  mkkMe  plateau  there  is  a  loss  of  abaity  to  recharge  the  ceil  so  that  the  voltage 
levels  on  the  iqjper  plateau  are  det^aded.  Some  of  the  degradation  is  overcome  by  prolonged  charges, 
and  from  this  we  find  that  overcharge  is  beneficial  to  some  degree  and  that  the  system  appears  immune 
to  damage  by  extended  overcharge  provided  the  voltage  does  not  exceed  ~2.06  at  480*C.  Some  seH 
disehatge  measurements  were  made  which  indcate  that  the  rate  is  about  1%  per  hour,  or  one-tenth  the 
final  currertt. 


Fgue  1 1 .  Fird  currern  •  dependerK»  on  chage  voitaoe 

Duplicates  not  only  verify  the  results  but  without  the  deep  discharges  the  yttria  separator  system  is  able 
to  reach  and  even  exce^  the  irfitiai  goal  of  100  cycles  with  end-of-pulse  voltag^  of  1.63  volts  on  the 
sixth  and  1 .51  volts  on  the  twelfth  consecutive  pulse. 

One  cell  achieved  1  GO  cycles  before  intentional  shutdown.  This  cefi  incorporated  the  reduced  quantities 
of  active  materials  highlighted  in  Table  1  as  being  necessary  to  affect  a  significant  10%  reduction  in 
system  volume.  Stable  power  densities  of  1.92  watts/cnF  (also  identified  in  Table  1  as  a  viable  approach 
to  reduce  system  volume  by  10%)  were  maintained  throughout  the  160  cycles.  At  160  cycles 
(^)proximately  10  days  on-line),  the  final  current  had  slowly  risen  to  5  mArcrrF.  Had  this  cell  been 
altowed  to  run  longer,  it  is  clear  from  the  pulsing  data  that  it  would  have  exceeded  the  200  cyde  goal 
established  for  this  program. 

8.Mannealum  oxkte 

Three  different  kinds  of  MgO  were  tested.  The  other  samples  on  hand  did  not  possess  an  analysis  or  a 
set  of  physical  properties  that  were  sinxlar  to  Maglite  D.  Tateho  TA  152  and  Elastomag  170  MgO 
materials  were  able  to  be  pelletized  and  made  into  cells.  However  both  of  these  teiled  to  maintain  a  cell 
capable  of  being  cycled  since  the  cells  became  shorted  for  no  obvious  reason.  There  may  be  some 
electtonically  conducting  aspect  to  these  materials  and  interest  was  lost  in  them. 

The  third  material  subjeded  to  test  was  obtained  from  Combustion  Engineering's  Premier  Service 
Co^ration  and  is  identified  as  Magox  Super  Premium  MgO.  When  mixed  with  electrolyte,  the  quantity 
weighed  for  use  in  20  cnP  ceiis  had  to  be  increased  to  1.4  g  (vs.  as  little  as  0.8  g  for  Maglite  0  MgO)  to 
avoid  short  circuits.  The  cell  formed  as  expeded  and  the  voltages  at  the  end  of  the  sixth  pulse  were 
about  1 .6  votts  arxf  at  the  eixl  of  the  twelfth  pulse  are  about  1 .5  volts.  Changes  in  performance  show  up 
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only  later  in  Ma.  aee  Figure  12,  where  I  is  demonstrated  that  even  a  cyde  331  the  twelfth  pulse  had  an 
end-«f-pulse  votage  of  1 .4  voHs. 


Figure  1^  SttelePuteOiKhargePerforinanoe  Hat  Been  Demonstrated  Over  350  Cycles  and  Neaily  One  Calendar  MorSh 

ofOpetation. 

The  eyeing  was  done  manually  during  the  day  so  that  the  charge  continued  during  the  night.  The  final 
currents  recorded  in  the  momteg  are  shown  in  Figure  13.  The  extended  charge  resulted  in  currents  of  2 
mArcrrF  or  less  for  372  cycles.  At  shutdown,  this  cel  had  logged  370  cycles  and  was  maintained  at  480*C 
for  2S  days.  The  total  number  of  pulses  exceeded  2500. 

Having  woeeded  the  goal  of  100  cycles  so  wel,  ft  vres  decided  to  experiment  more  wfth  the  cel.  It  was 
after  350  cycles  that  the  current  Imft  on  charge  was  decreased  from  the  standard  100  mA/emP  to  SO,  then 
25  and  fina^  to  10  mA/cm*. 

The  cel  characteristics  also  changed  so  that  on  the  25*  morning  of  the  test  the  final  current  had 
increased  to  10  mA/cm*  portending  failure.  The  cell  was  stopped  alter  378  cycles.  The  cold  resistance 
was  11  ohms  indicating  a  short  circuft  existed  that  would  leak  about  10  mA/emP  agreeing  wfth  direct 
meesuremenL  Rnal  thickness  was  1.0  mm  ftidicatftxi  a  shrinkage  of  0.28  mm,  also  agreeing  wfth  the 
change  in  thickness  obtained  during  the  test  with  the  transducer.  The  major  thickness  changed  occurred 
over  the  first  three  days  of  testing. 


D«y»onT»at 


Figure  13.  SttdteFinaiCkjrrente  Have  Been  Maintened  Over  Extended  Cyding.  Rapid  Cel  Falure  Occurred  White  Testing 
_ a  Ctmrge  Current  Density  Below  50  mA/an*. _ 
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This  test  with  decreasing  current  limits  was  considered  conkxjnded  by  the  age  of  the  ceH  since  it  had 
logged  350  cycles  prior  to  changing  the  charge  current  density.  Another  cel  was  constructed  using  tfre 
same  recipe.  The  first  16  cycles  duplicated  the  previous  results  so  that  the  charge  current  iimA  was 
decreased  to  10  mA/cm^.  This  change  was  ap^ied  on  cyde  17  and  by  cycle  23  the  final  current 
inoeaused  to  23  mA/cm*.  Attempts  to  recondition  the  cell  were  futfie.  It  was  then  inferred  that  decreasing 
current  dereity  below  ~50  mA/crn^  was  detrimental  to  the  system.  This  dec^addion  does  not  show  iq) 
immediately,  but  requires  several  cycles  for  the  onset.  The  corollary  of  this  inference  is  that  the  system  is 
better  beha\red  with  the  faster  charges.  This  result  has  already  been  incorporated  Ho  ARDEC  20  and 
50K>sli  module  testing.  Modules  are  normally  charged  at  no  lower  than  50  mA/cm^  to  avoid  this 
performance  degradation  phenomena.  This  lower  bound  on  charge  current  density  is  used  because  it 
allows  for  safe  recharge  of  the  modules  without  (»/erheating  during  recharge  or  extended  overcharge 
(present  150  crrf  module  test  configuration  within  the  furnace  does  not  incorporate  any  active  coofing). 

IV.  Unit  Cells 

ATest  Cell  Design 

The  base  technology  ceils  are  made  with  commercially  available  CoS,  which  is  dried  in  a  vacuum  furnace 
and  then  assayed  for  water  content.  This  material  has  been  analyzed  by  XRD  and  DTA  and  found  to  be 
typically  80%  CoS,  and  20%  COjS^.  These  analyses  are  in  agreement  with  the  top  charge  procedure 
adopted  for  evaluation  testing  of  cells  that  indicate  the  material  is  about  80%  charged  initially.  It  had  been 
thought  that  there  are  three  voltage  levels  in  tire  discharge  of  CoS,  and  that  the  uppermost  level 
corresponds  to  the  reaction: 


3  CoS,  +  4  Li  ->  Co,S,+  2  Lj,S 

in  which  case  there  are  4/3  faradays  of  charge  involved  with  each  mole  of  CoS,.  Later  we  shall  show  that 
the  upper  and  middle  vofiage  levels  discharge  at  a  mixed  potential  and  this  was  later  used  to  make  the 
ceOs  thinner  and  lighter  for  the  same  kind  of  discharges.  The  initial  design  was  based  on  this  4/3  F/M 
relationship  and  a  negative  to  positive  ratio  of  2:1 . 

The  5  cm  diameter  cell  has  an  area  of  20  cnf  -  and,  historically,  is  built  to  a  capacity  of  0.4  Ah. 

The  cathode  composition  is : 


CoS, 

76  w/o 

Electrolyte  (single  cation) 

20W/O 

Li,S 

4  w/o 

Weight  of  Mix 

1.89  g 

The  theoretical  capacity  based  on  4/3  F/M  is  0.417  Ah,  and  for  a  complete  discharge  to  a  value  below  Co 
metal  production,  4  F/M,  the  theoretical  capacity  is  1.251  Ah.  Since  about  20%  of  the  capacity  is  as 
Co,S4  the  electrode  rrust  have  sufficient  UjS  to  allow  the  top  charge  to  be  effective: 

COjS,  +  2  LijS  ->  4  LI  +  3  CoS, 

The  amount  of  LijS  required  for  the  reaction  to  proceed  without  limitation  is  71 .3  mg  and  the  amount  bunt 
into  the  cell  is  75.6  mg,  a  slight  excess  which  should  be  sufficient  to  support  the  initial  top  charge. 

The  anodes  should  have  an  electrochemical  design  that  provides  sufficient  capacity  to  discharge  the 
cathodes,  a  reserve  to  accommodate  the  top  charge  and  some  charged  resenre  to  accommodate  some 
overdischarge.  The  anode  composition  is: 
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UAI  (17.5  w/b  U  rich)  aloy  52  w/b 


USI  alby  (19.8  w/o)  13  w/o 

Electibiyte  (single  catton)  35  w/o 

Weight  bf  mix  2.2g 

A  skettfi  ctfagramm^ig  the  ambunt  and  cfittributkm  of  the  states  of  charge  bf  the  eiecttbdee 
cerrespbnding  tb  the  ceN  design  is  shbwn  in  Figure  14. 


uncharged 
charged 

0 - 


Cathode 

Rgute  14.  Cel  Electrochemical  Design 

B.Utilization  Improvement 

Mcdels  for  puise  pbwer  designs  indicate  that  battery  vdume  as  weB  as  weight  densities  could  be 
foiproved  by  (1)  operatfog  the  cathode  at  a  deeper  depth  ol  discharge  and  (2)  decrrasfog  the  ratio  of 
negative  to  positive  capacity.  Such  improvements  should  result  fo  at  least  a  10%  improwsment  in  the 
volume  of  the  ARDEC  power  suppBes.  There  are  focScations  in  our  previous  work  that  it  may  be  possfoie 
to  operate  the  ceH  to  a  lower  potential  because  the  performance  is  that  of  a  irBxed  potential  dwing 
discharge.  The  caveat  is  not  to  oompleteiy  discharge  the  rrBddie  plateau.  We  have  been  operating  under 
the  4/3  F/M  mode  based  on  the  upper  plateau  reaction: 

2  CoS,  +  4  Li  ^  COjS*  +  2  U,S , 

and  the  assumption  of  a  utffization  of  80%.  For  a  deeper  depth  of  discharge  the  assumptions  are  changed 
to  1.75  F/M  and  the  same  80%  which  is  not  unusual  for  electrochemical  reactions. 

A  significant  reduction  of  N:P  ratio  is  going  from  2:1  to  32.  The  state  of  charge  of  the  anode  was 
deceased  to  90%  by  leing  material  made  to  the  corresponding  composition  on  the  a+p  ptetteau.  The 
initial  testing  for  the  increased  depth  of  cBscharge  was  doro  by  essentiaBy  not  changing  the  design  of  the 
ceB,  but  by  increasing  the  depth  of  discharge.  Sixteen  pulses  (vs.  the  usual  12}  were  run  with  the  end-of- 
pulse  voltage  remaining  about  1.4  voKs. 
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Because  a  90%  state  of  charge  UAI  alloy  would  cfiecharge  without  involveinera  of  USi  aNoy,  the  capacity 
computation  for  the  anode  mix  (fid  not  include  any  USI  contrixjtion.  The  celt  voltage  is  a  fittle  lower  since 
the  p  phase  was  not  entered  to  the  exhaustion  of  the  a  phase  nraterial  during  charge.  Because  of  ttris 
vofiaoe  lowering  the  charge  vofiage  was  also  acfiusted  downward. 

Later  cefie  were  redesigned  decreasing  the  amount  of  cathode  material  to  achieve  ji^  1 2  pulses  at  a  real 
F/M  utMzation  of  1.4  (80%  of  1.75)  of  the  cathode  material.  The  anode  was  weighed  so  that  the  U 
capeoihr  ofthe10a/oto488y0UinUAI  alloy  is  1.5  times  the  CoS,  ci4)acfiy  value.  Both  electrodes  had 
len  man  so  that  the  weight  and  volume  of  the  cefis  were  si^ffificantly  decreased. 

These  cells  resulted  in  achieving  200  cycles  wfih  a  minimum  voltage  of  1.5  volts  on  the  twelfth  pulse 
versus  a  target  of  100  cycles  with  1 .4  voRs  minimum  at  the  end  of  the  twelfth  pulse.  Figure  15  shows  the 
reeults  of  pulsing  a  cell  with  a  deeper  depth  of  discharge  and  a  32  anode/cathode  ratio.  The  points  are 
the  incfivklual  pulses  with  the  ordinate  giving  the  end-of-pulse  voftage  and  the  abscissa  presented  in  the 
F/M  format.  These  results  demonstrate  the  success  of  the  thinner,  fighter  cathodes  in  adiieving  the 
rectuired  depth  of  discharge  by  yielding  1 .5  vtAs  at  1.4  F/M  (actual  delivered  capacity).  It  was  also  found 
durtaig  the  course  of  this  work  that  the  anodes  at  90%  state  of  charge  discharge  at  about  20  mV  less 
than  those  that  are  fully  (^rged  and  termed  lithium  rich". 


Figure  15.  lABCXM  cell  ^7 1.7SF/M.  "U  Rich’.  Pulse  Discharge  Cycle  177 

Considering  performance,  final  currents  and  cycle  life,  it  is  concluded  that  the  Li  rich  anode  material  Is 
preferable.  Both  types  of  anode  accept  the  overcharge  that  accompanies  a  prolonged  constant  potential 
charge. 

V.Reaction  Entropy 

The  energy  contained  in  a  battery  depends  upon  its  reversbie  pcftential,  E,  and  its  capacity,  and  these 
are  used  to  obtain  the  GBibs  Energy  term. 


-AG  a:  2lE  . 

in  the  (fischarge.  c£fi>acity  is  withdrawn  but  the  voltage  is  less  than  E.  Let  the  voltage  across  the  load  be 
represented  by  Vj  then  the  work  (fcxie  on  the  load  by  a  current  i  is  tV^.  The  energy  dissipated  within  the 
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battery  is  i(E  -  Vr).  Most  batteries  absoib  eners^  from  the  ainbierit  duririg  charge,  evident  from  ooofing, 
and  release  an  extra  energy  on  discharge,  evident  by  an  extra  heating.  These  are  entropy  exchanges 
with  the  ambient.  This  entropy  term  can  be  measured  from : 

and  -AG  =  z  IE, 


hence. 


HT  tF 


The  open  circuit  voltage,  E,  is  related  to  the  Gibbs  Energy  term  by  the  equation  above.  One  of  the  values 
we  need  is  AiS  to  ascertain  the  entropy  interchange  with  the  environment. 

On  discharge  the  integrated  current.  Jidi  .  can  be  no  greater  than  the  theoretical  capacity.  There  can 
be  a  spontaneous  discharge  reaction  that  represent  chemical  decomposition  or  shuttle  mechanisms  or 
even  reaction  with  the  environment.  Any  of  these  parasitic  reactions  represent  a  rate  of  capadty  loss,  x, 
which  when  multiplied  by  E  represent  the  internal  power  dissipation,  if  we  ^  to  this  ttie  unaccounted  for 
energy.  tXi(E  -  V^).  then  the  total  power  and  energy  are  known.  The  thennal  effect  is  to  heat  the  battery. 
Next  we  ne^  to  know  the  heat  capacity  and  the  heat  transfer  rale  to  the  environment. 

On  charge  the  problems  become  rixMe  confounded  because  the  charge  efficiencies  are  further  from 
unity.  Some  fraction  of  the  current  goes  into  side  reactions,  the  charge  voltage  exceeds  the  open  circuit 
voltage  or  rest  potential.  The  energy  dissipated  during  charge  consists  of  three  parts; 

entropy  interchange  with  the  environment. 

I _ X  total  voltage. 

X  total  voltage)  •  energy  stored. 

The  sum  of  these  values  gives  us  the  energy  responsbie  for  heat  rise  within  the  cell  or  battery. 

To  work  out  a  model  we  again  have  two  approaches  of  which  one  is  heuristic  and  the  other  one  is  based 
on  irreversbie  thermodynantics.  Better  yet,  one  xnaef  be  regarded  as  phenomenological  and  the  other  as 
mechanistic.  With  the  phenomenological  approach  we  can  surely  fit  the  data,  but  lack  insight.  With  a 
mechanistic  approach  good  intuition  is  required  to  generate  a  model  that  does  fit  the  data:  this  is  the 
more  difficult  approach  but  the  pay-off  is  more  valuable.  A  successfol  mechanistic  theory  would  enable 
an  examination  of  the  system  for  improvements.  The  discharge  portbn  can  follow  the  electrochemical 
model.  The  charge  and  overcharge  process  will  require  additional  specuiatbn  on  the  processes, 
especially  since  we  lack  certainty  in  several  regards.  Or^  area  of  unknowns  concerns  CoS„  where  x  >  2. 
We  hope  to  identify  other  such  areas  during  the  treatment  and  penetrate  them  sufticientfy  to  make  an 
impact.  In  this  way  we  may  be  able  to  treat  charge  and  overcharge  in  a  more  quantitat'rve  way . 

Entropy  date  come  from  the  measurement  of  .  The  ceils  being  measured  were  adjusted  to  one  of  the 
three  levels  by  charge  or  discharge.  Data  were  taken  during  heat  up  as  well  as  during  cod  down.  The 
data  were  taken  with  a  Keithley  DMM  197  Autoranging  Multimeter  and  temperature  from  the 
Hewlett-Packard  Computer  readout  of  the  thermocouples  on  the  test  stand.  Only  the  data  from  420  to 
480*0  are  used.  The  equation  V(T) »  V(0)  t  |^x  was  obtained  from  the  data  using  the  HP15C  least 
square  regression  with  the  results  shown  in  Table  4.  From  these  values  the  entropy  values  are  as 
follows: 


Upper  voltage  plateau 
Middle  voltage  plateau 
Lower  voltage  plateau 


28.8  calories  per  degree  per  mole 
•26.8  calories  per  degree  per  trxrle 
41 .5  calories  per  degree  per  mole. 
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Tht  tnlreiv  acoomptfiyino  tht  mUde  vottaoe  plateau  is  a  negative  value.  The  dimenston  of  joules  per 
mole  per  degree  Kelvin  is  also  known  as  the  entropy  unit.  The  entropy  values  enter  ttte  computer 
performance  model  (developed  to  predtot  transient  electrochemical  and  thermal  behavior)  and  influence 
the  thermal  aspects  of  module  and  muki-module  system  design.  There  are  thermal  changes  during  the 
pulse  dschaigsfl  wrd  during  flie  subsequent  recharges  due  to  the  internal  resistance  of  the  system.  In 
edcHflon  to  the  thermal  generation  there  are  the  eniropic  changes.  In  this  instance  during  charge  at  the 
upper  voltoge  plateau,  tor  example,  the  battery  actually  cools.  This  sort  of  behavior  is  not  unique  to  this 
molten  saft  battsry  since  cooing  has  also  been  obsen/ed  as  well  in  the  room  temperature  nickel  cadmium 
and  siver  zinc  battery  systems.  So  our  thermodynamic  measuremertts  srtoport  the  ARDEC  mathematical 
model  and  ate  useful  in  the  thermal  design  of  modules  and  batteries  made  up  from  the  modules. 


Table  4.  Thermochemical  Data 


Plateau 

V(0) 

SK 

dr 

Cforrelation 

Coefficient 

F/M 

1.715 

1.509 

0.000278 

0.972 

4/3 

2085  heating 

1.715 

1.498 

0.000294 

0.975 

4/3 

2085cooOng 

1.715 

1.521 

0.000258 

0.985 

4/3 

2088  cooling 

1.370 

1.314 

0.0000745 

0.996 

16/9 

2087  heating 

1.715  1.397 

0.000432 

0S64 

4/3 

s 

s 

2089  heating 

1.715 

1.549 

0.000227 

0.967 

4/3 

2089  cooling 

1.370 

1.137 

0.000314 

0.991 

16/9 

2124  heating 

1.715 

1.606 

0.9993 

4/3 

0288  heating 

1.717 

1.6537 

0.000132 

0.999 

4/3 

0288  cooling 

1.35 

1.2024 

0.000336 

1.000 

16/9 

0298  heating 

1.717 

1.648 

0.000143 

0.998 

4/3 

0298  cooling 

1.63 

1.735 

•0.000211 

0.999 

8/9 

02^  heating 

1.63 

1.834 

-0.000413 

1.000 

8/9 

AFinal  Currents 

Electrochemical  systems  in  a  closed  circuit  condition  do  not  usually  balance  out  potentials,  not  even  in 
potenttometers  where  a  balance  is  struck  by  averaging  settings.  These  small  currents  are  r^erred  to  as 
thermal  reactions  and  not  investigated  because  they  are  considered  negligible.  We  find  that  the  charging 
potentials  are  associated  with  a  current  flow  even  after  long  periods  on  charge  and  these  are  termed  final 
currents. 

The  speculation  that  final  currents  are  due  to  leakage  or  self-discharge  are  not  borne  out  by  direct 
measurement  of  self-discharge.  The  measured  self-discharge  rate  is  an  order  of  magnitude  less  than  the 
final  current.  In  the  early  stages  of  the  work  an  expression  was  found  for  a  cell  which  fit  the  following 
relationship: 

i,=  104x(V- 1.884) 


I 
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wtiera  If  is  thtt  final  current  density  in  mliamperss  per  cnt*  and  V  is  the  charging  polantiai.  The  oonstarSs 
in  this  squation  are  believed  to  depend  upon  the  nature  and  design  of  the  oel.  The  design  depmding 
upon  phMes.  states  of  charge,  ratto  of  capacAies,  whereas  the  nature  depends  upon  the  specific 
chernioals  used  for  the  electrodes  as  weii  as  dependbxi  upw  the  separator  mareriai. 

As  a  oett  ages  the  fbtai  currents  tend  re  increase.  This  be  due  re  the  ceil  becoming  thinner  or  due  to 
a  materiai  migration  over  the  edge  of  the  peOet  (around  the  separator).  Both  of  these  do  occur. 
Examination  of  the  three^ayered  pellet  stmcture  reveals  such  edge  migration.  K  the  material  that 
migrates  is  electronicaily  conductreg  it  is  the  equivalent  of  a  short  circuit. 

There  are  two  kinds  of  thickness  changes.  When  a  ceii  is  first  heated  and  tested,  the  molten  electrolyte 
pemrits  the  pertides  to  rearrange  under  the  applied  force.  This  is  the  initial  large  change  (fiscussed  in  the 
first  part  of  this  report  in  the  section  on  dimensionally  stable  separators.  There  is  another  kind  of  change 
wNch  is  much  smaller,  shown  in  Figure  16,  and  deals  with  the  state  of  chuge.  The  oeK  becomes  thinner 
on  disduuge  and  tMckens  again  during  charge.  The  dimensional  change  is  dependent  upon  the  state  of 
charge.  The  thickness  variation  after  12  pulses  show  a  delayed  change  at  the  start  of  charge  and  an 
overshoot  in  thickening  on  charge.  As  a  result,  the  variation  is  thickness  change  is  greater  for  the  12 
pulse  discharges  than  expected  based  on  the  6  puise  discharges. 
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Figure  16.  Ceil  IJBCM2044H  Cycles  203  to  210 

The  original  goal  had  been  to  find  materials  and  methods  of  construction  to  bring  the  final  currents  re 
values  of  10  mA/cm*re  decrease  the  ferikire  rates.  A  number  of  separator  materials  were  able  to  do  this 
even  though  the  ceH  design  was  more  stressful.  Figure  17  shows  the  effect  of  four  different  separators 
on  the  overnight  charges  in  the  design  where  the  utifization  of  active  materials  was  improved.  The  yttiia 
and  AHa  AM  powdered  materials  show  the  typical  increase  of  final  currents  which  occurs  near  the  end  of 
cycle  life.  The  cfimensionaiiy  stable  AM  and  Magox  demonstrate  the  decreasing  final  currents  as  cycling 
proceeds.  Along  with  this  is  also  an  improvement  in  pulse  voltages,  ft  is  the  set  of  these  characteristics 
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thft  is  oonskterad  as  the  forming  process  and  is  believed  due  to  a  recMstribution  of  electrolyte. 


FfeMtCummi 
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Figure  17.  A  dimeraiotnBy  Stable  aiumirum  riHride  separator  achieved  the  100  q(cie  goal  wtti  the  lowest  final  cun 

measured  to  data. 

As  the  final  currents  are  decreased  in  value  the  cyde  life  of  the  batteries  also  is  found  to  increase. 

B. Rapid  Formation 

The  building  up  or  improvement  in  performance  with  cyding  during  the  first  24  hours  of  testing  has  been 
recunfrig  so  that  it  appears  to  be  a  characteristic  of  the  system.  In  other  battery  systems  where  formation 
is  found  such  as  lead  add,  nickekredmium  and  siiver-zinc  there  are  combinations  of  treattnents  that 
accelerate  formation.  Since  it  may  be  either  the  cycRng  or  the  overnight  charge  that  is  responstoie  for  the 
formation  in  the  molten  salt  CoS^i  battery,  the  formation  may  be  acceierated  by  applying  the  overnight 
charge  in  place  of  the  top  charge. 

A  ceil  with  the  new  standard  design,  1.75  F/M  and  3:2  negative  to  positive  ratio  (U  rich)  was  heated  and 
allowed  to  remain  on  charge  overnight.  The  series  of  12  pulses  were  then  applied  and  it  was  obvious  that 
a  rapid  formation  process  did  not  occur.  After  5  sets  of  6  pulses  (five  cydes)  a  second  set  of  12  pulses 
was  applied  on  the  sixth  cycle.  The  end-of-puise  voltage  data  were  improved.  Apparently  the 
charge-cfischarge  cyding  is  needed  to  bring  about  the  voltage  improvement  that  we  have  termed 
formation. 

C. Cell  Balancing 

There  are  a  number  of  electrochemical  fadors  that  can  influence  final  currents  and  cell  balancing  as  well 
as  seve^  physical  fadors  that  can  also  affed  cel  baiandng.  Upon  reaching  an  overcharge  oorKflion  the 
eledrode  process  changes  and  the  electrolyte  is  decomposed.  In  the  case  of  the  positive  electrode  the 
overcharge  conditions  corresporKf  to  the  complete  conversion  of  00,84  fo  CoS2>  current  is  forced 
throuc^  the  cell  necessitating  a  charge  transfer  reaction.  A  drarge  trarWfer  readion  results  in  an  external 
current.  However,  whiie  oxidation  occurs  at  one  eledrode,  a  coupled  redudive  charge  transfer  process 
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QOQun  li  Iht  olhar  fitotrocte.  One  poMbte  rvacten  it  oaddiiion  of  8*  ion  to  S,*,  a  polynilldt.  Sknlwfy.  in 
ttia  one  of  the  negitive  eleciiode  where  Lt*  ion  was  reduced  to  i4/U  unti  x-0.92,  continued  charge 
intfoducee  a  voftoge  increase  from  the  mixed  ofrffi  platoeu  Juat  to  tfw  p  phaee.  The  cveicharge  ourreta  it 
the  "finrtaOTtitf*  in  iead  acid  terminology  and  tsidragecunenr  in  moien  tan  temiinology. 

haHritiwfi  lo  eleciroiytit  the  oleclinIwTrifl  matorialB  may  be  trarwoortod  to  that  they  meet  in  ttie  toaoe 
btiween  tht  eioctiodot  and  react  to  reform  the  original  maleriaL  Kaun  detcribet  a  tohibie  Li  that  ooourt 
wlh  a  sight  increate  of  voKage,  the  polyaultides  are  toso  aoiubie  in  the  molen  etoctrolyto.  When  these 
materials  reoorhbine  the  sal.  L^S.  that  had  been  electrolyzed  is  reformed.  There  are  variations  of  this 
which  imy  be  achieved  by  desi^  such  as  having  an  excess  capady  buft  into  one  of  the  elecbode  so 
that  the  ratio  of  negative  to  poei^  capedfy  is  not  unity,  and  that  the  states  of  dusge  are  such  that  one 
electrode  reaches  foli  charge  before  the  other.  As  an  mample.  consider  a  design  starting  wlh  poelive 
electrodes  that  contain  Co  only  as  CoS,  and  the  negative  eleebodes  wlh  l4  Ai  with  x<0.92.  but  enough  Li 
in  the  aloy  to  at  least  be  stoichtometricaly  equal  to  the  CoS,  oonters.  On  charge  this  design  favors  S* 
orddation  before  the  negative  electrode  demonstrates  a  voltage  rise  corresponding  to  X  exceeding  0.92. 

There  are  mechanisme  in  some  batteries  which  involve  materials  present  in  a  cel  which  are  reduced  at 
one  eiecttode.  dHluse  to  the  other  electrode  where  they  are  OKktized  and  in  this  way  cause  a  toes  of 
charge  of  both  electrodes.  The  S,  and  Li  mechanisnw  scussed  above  are  simlar  to  shuttle  mechanismB 
but  are  conined  to  overcharge.  Materials  which  can  participate  in  an  open  drcul  shuttle  mechanism  have 
yettobeidentiled. 

Battery  materials  are  chosen  because  they  are  very  reactive  •  so  reactive  that  they  may  decompcse  at  a 
slow  but  finis  rate.  CoS,  was  found  to  decompose  into  Co^^  and  S,  the  suNur  pressure  (and  thereby  the 
degree  of  deoompoeiion)  increasing  with  temperature.  Also,  Li  does  have  some  smal  soiublly  in  the 
molen  etoctrolyte.  The  dissolved  Li  that  reacts  wth  CoS,  is  replaoed  by  material  of  the  anode.  Such 
deoompoeiion  and  solublization  represent  setf-diacharge  wNch  occurs  on  open  drcui  stand 

The  bipolar  configuration  permis  cels  to  be  closely  packed,  share  cel  wals.  and  ootnbine  the  functions 
of  wMi  and  intercel  connector.  The  many  advanfoges  a4  this  configuration  make  I  desirable,  but  ttie 
electrolyte  of  each  cel  in  the  battery  must  be  confined  wfoln  tt.  If  there  is  electrolyte  creep,  and  creeping 
is  enhanced  by  the  polarity,  there  may  be  enoountored  a  pathway  common  to  several  cels.  This  common 
pathwiy  t^ves  rise  to  an  intercel  ieekage  current  which  aiers  the  pdarization  and  capadty  of  the 
electrodes  in  the  battery.  As  a  consequence,  there  is  dischargs  which  occurs  as  long  as  the  common 
eiectroiyte  path  exists  and  between  al  those  cels  sharing  the  common  etoctrolyte  path. 

There  is  always  an  ionic  pathwiy  between  electrodes  and  any  inadvertent  etoctionic  connection  between 
the  same  electrodes  completes  the  drcui.  One  way  this  can  happen  is  by  dendrie  formation.  The 
dendrites  behave  as  whiskers  and  a  very  smal  point  grows  to  touch  the  counter  electrode,  but  the 
geometry  is  such  that  the  effective  resistance  is  Mgh.  This  high  impedance  short  can  react 
etoctrochemicaly  to  break  the  drcui.  The  reformation  and  subsequent  breaking  or  reaclon  of  the 
dendrite  gives  rise  to  an  intermitent  partial  short.  The  shorting  can  be  made  worse  by  the  diange  in 
dimensions  (volume)  of  the  active  materiate  as  a  function  of  the  state-of-charge.  The  shorting  causes 
some  degree  of  disdiarge  that  would  show  up  when  leakage  currents  are  measured,  particularly  during 
charge  of  the  battery. 

During  the  oourst^  of  tivs  development  work  there  appeared  to  be  a  reiationsitip  between  some  of  the 
experimental  factors  and  the  final  current.  We  may  discuss  these  factors  but  must  note  that  a  sing^ 
mechanism  nuy  not  be  involved  and  the  causes  are  confounded  by  interactions. 

One  of  the  fntiors  that  ailed  the  magniude  of  the  final  current  is  the  composiion  of  the  arxxte.  The  UAI 
aloys  avalabto  early  in  the  program  had  a  composition  more  concentrated  in  Li  than  represented  by 
Li,j,AI.  This  material  is  term^  Li  rich  and  is  entering  the  p  aloy  phase  and  potential  range.  If  the  aloy 
oompoeition  is  maintained  between  10  arto  48  a/o  Li  the  a  and  p  phases  are  present  and  exNbI  a 
constant  polenttol  0.248  less  negative  than  pure  Li .  A  UAI  alloy  maintained  within  this  range  where  a  and 
P  coexist  is,  for  oonvenienoe,  termed  U  poor.  I  has  been  established  that  the  U  poor  material  is  related 
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to  cells  havkio  laiger  finid  currents  than  Li  rich  rruderiai  and  this  is  due  to  what  tniqr  be  explained  as  a 
(flfference  in  the  back  EMF. 

The  cathode  material  is  not  compieteiy  blameless  with  respect  to  inal  currents.  Direct  comparison  of 
Co^  from  Alfa  and  Cerac  shows  no  dHferenoe  in  final  currents.  The  CoS,  material  from  Reed  exhbits 
much  greater  leakage  currents.  The  Reed  materiai  is  physicaly  different  by  flowing  freely  and  beino  more 
crystaine  h  appearance. 

Temperature  also  has  an  effect  upon  the  final  current,  as  may  be  expected.  A  plot  of  t,  versus  T  has  a 
transllion  point  at  425*C.  Above  this  temperature  the  activation  energy  for  the  process  is  4.52  kcal  per 
mole  and  below  42S^  the  activation  energy  is  0.57  kcal  per  mole.  The  mechanism  at  the  higher 
temperatures  is  probably  a  diffusion  controiied  process  whie  at  the  lower  temperatures  the  oontroRng 
mechanism  is  presumed  to  be  elecirical  conduction. 

MgO  separators  with  calculated  thicknesses  of  0.2, 0.3,  and  0.4  mm  were  built  into  cels  and  tested.  The 
fir^  currents  were  found  to  diminish  as  the  thickriM  increased.  There  was  an  exception  to  this  general 
observation  •  when  the  separator  was  made  in  two  parts  the  final  currents  were  lessened. 

D.Eftoct  of  Non-Uniform  Leakage  Currents 

In  muiticefl  bk)olar  testing  the  first  few  cycles  fodicate  matched  cels  with  respect  to  end^-  pulse  voKages 
and  end-oF  charge  voltages.  Somefimes  after  the  initial  cycling  the  end  of  charge  vokages  dhrerge. 
Alhough  the  charge  voitage  limi  appled  is  n  x  1.05  volts,  where  n  is  the  number  of  series  ceils  in  fiw 
bsttery,  some  cels  reach  values  of  over  2  volts  and  others  are  as  low  at  1.6  vofts.  This  (ivergence 
subsequently  results  in  poor  pulse  performance  wlh  the  end-of-pulse  voltages  also  dverging  (due  to 
some  cels  being  insufficiently  charg^. 

There  are  two  obeervations  made  with  these  cels  that  help  shed  some  Ight  on  the  balancing  or 
uniformity  of  behavior.  These  are:  (1 )  the  fact  ttiat  they  become  thinner  over  the  first  few  days  of  testing  - 
notably  a  reduction  from  0. 125  cm  to  0. 1 00  cm,  and  (2)  the  movement  of  electrolyte  from  the  core  radiatly 
toward  the  edge  of  the  bipolar  wal. 

In  ackfition  to  these  observations  we  have  some  knowledge  that  bears  on  the  non-uniformity.  One  of 
these  comes  from  the  hermetically  sealed  nickel-cadmium  cel  field.  Wlh  a  great  deal  of  effort  to  control 
electrode  thickness,  loading  levels,  separators  and  geometry  of  cel  cases  the  void  volumes  of  the  core 
stil  varies  from  cel  to  cel.  These  void  volumes  are  measured  by  electrolyte  retention..  If  these  cells  can 
vary  significantly,  why  not  assume  that  the  molten  sal  U/CoS,  can  also  vary  from  cel  to  ceH.  This  means, 
then,  that  the  electrolyte  in  some  cels  can  creep  radialy  to  the  edge  of  the  bipolar  wal  If  a  contiguous 
cel  happens  also  to  have  excess  electrolyte  then  the  two  films  can  meet  and  form  an  ionicaly  conductive 
pathway  between  them.  This  sHuation  is  dagrammed  in  Figure  18  tor  a  three  cel  bipolar  battery.  The 
electrolyte  is  shown  as  cross-hatched.  The  electrolyte  between  cdls  1  and  2  is  indcafod  as  having 
mi(pated  over  the  bkrolar  wall  which  acts  as  the  current  collector.  This  results  In  the  anode  of  one  cel  and 
the  cathode  of  the  contiguous  cel  having  two  kinds  of  conductive  paths.  The  electrolyte  that  has  crept 
around  the  bipolar  wal  is  an  ionic  conductor  while  the  wal  itself  is  an  electronic  conductor.  The  resistance 
of  the  wall  is  very  small  but  the  ionic  conductivity  of  the  leakage  path  depends  upon  the  geometry  of  the 
thin  film,  path  length  and  specific  conductivity  of  the  electrolyte.  The  currera  flow  dep^s  upon  the 
impedance  value  of  the  electrolyte  and  the  voltage  dfference  between  the  cathode  of  cel  1,  V^,  and  the 
anode  of  cell  2.  V^,  or: 


i-(V«-V^VA, 
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whtM  Ailttw  ionic  bnpodonco. 


ligM  IP.  oQfuM  JKpOm  Dmmy  WH  nOCHIwOnil  MK90P  Paul. 

Nolo  that  the  value  of  J  depends  upon  the  dale  of  chaipe  of  the  eiectiodee,  but  its  sign  does  not  chmge 
unioes  ttM  beitety  is  so  deeply  discharged  raeuMno  in  a  iead  one  of  the  invoived  eiectiodes  to  change 
pioceiset  and  oeM  polarKy.  an  eKtreme  condWon.  These  contiguous  eiedrodee,  then,  are  dways 
dhcharging  vrhether  the  batt^  is  being  charged  Of  dtechwged.  if  i  is  the  charge  current  then  electrodes 
and  Vai  are  chargbig  at  the  rale  I;  aimidty.  electrodes  and  are  also  charging  d  rate  I. 
Electrodes  and  are  charging  d  a  dMsrent  rate  equal  to  I  -  j.  When  the  voltage  Imit  is  reached,  ttie 
value  of  I  decreases  wlh  time  approaching  the  find  current  v  If  i,  <  j  then  electrodes  and  are 
ddcharging  whie  the  other  4  elecirodes  are  charging  Of  maintakibig  their  states  of  charge. 

Condder  whd  happens  when  >  1.6  voHs  oorrespondng  to  the  mUdte  vohage  pideau  and  the 

balteiy  is  on  a  constant  polentid  of  5^  volts.  The  other  two  pdr  of  otectrodos  de  subjected  to  an 
effective  4.25  vols.  Cel  3  has  one  pair  of  antipodes  and  Is  tap  voltage  wl  be  measured  as  2.125  vols. 
Cdtol  and  2  are  oontounded  averaging  1.863  vote,  but  in  rei^  one  of  the  oelswB  be  greater  than  this 
vdue  and  the  odter  lower  because  ttre  polarization  of  anodes  and  cathodes  dNfer.  Thus,  the  three  oeNs 
wl  exNbit  three  dWerent  tap  volages.  Pulse  performance  wl  obviously  depend  on  stde  of  charge  of 
each  electtode  in  the  battery. 

EOpen  Circuit  Stand 

Aier  charge  a  oel  was  plaoed  on  open  cbodt  and  dkrwed  to  undergo  self  dtocharge  for  one  hour.  The 
oel  was  then  subjected  to  a  sd  of  12  pulses.  It  was  then  relumed  to  routine  cyt^  for  a  number  of 
qfcioa  and  again  plaoed  on  open  cboul  stand,  then,  for  two  hours  aller  32  cycles.  Fblowing  the  same 
routine  a  four  hour  edf^flacharge  period  was  slowed  after  cycle  40  and  an  eight  how  eelf-dtocharge 
atdidaftercycle  48.  The  puiee  performances  are  shown  in  Figure  19.  inspfteofthehightemperErturethe 
rato  of  performance  ioee  is  not  gred  up  to  four  hours  on  open  drcul.  After  self  (fischarging  for  eight 
hours  the  qrstem  was  able  to  sustain  10  pulses  without  significant  performance  loss.  Even  the  last  two 
pulses  of  the  series  remained  above  1  voR.  This  kind  of  performance  for  a  tetravalent  transition  metai 
chdoogenide  bi  a  rnoften  sal  battery  system  is  noteworthy.  Indeed,  there  is  a  mifitary  significance  to 
theee  findbigs.  This  sort  of  etectrochemistry  can  be  extended  to  thermal  batteries  thd  have  improved  Hfe 
and  higher  power  capabiWes,  and  can,  therefore,  be  used  for  other  appfications  such  as  sonobuoys. 
This  edencM  open  cboul  stand  capabity  of  CoS,  is  in  cfirect  contrast  to  the  performance  observed  wlh 
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motan  taft  oali.  Thata  aia  two  approachea  that  bo  uaad.  The  frit  is  to  daoroaaa  the  amount  of 
alaotiolyta  plaoad  into  the  oal  and  the  eaoond  ie  to  employ  an  edpe  eaal.  Both  of  thaea  mpioachae  were 
kwaadOMad.  and  R  may  be  pointed  out  that  they  are  not  muiu^  eKduaive.  Thia  meana  that  the  two 
approaohea  may  be  uaed  togalher,  one  to  enhance  the  other  and  thereby  improve  the  ralablly  for 
tang  lvad  boRory  qratema.  Subaaciuent  to  tMa  effort  the  ARDEC  prooram  enooimlared  paitide  aize  and 
dhbRaudon  dRferanoee  from  lot  to  lot  of  the  aepOTlor  material  in  addRion  to  Me  aome  dRferanoea  of 
praoaduia  wRh  CoS^  produoHon  ware  found.  The  paiticie  aizea  may  oonirtiute  to  eloctrolytp 
fniniB6mifii  KM  wo  rav0  noi  yw  DMn  «kw  Mj  oonMv#  nof  cwnoraiiflio  now  mo  uoo|  oonwiMOO  io 
electrolyte  manaoament.  and  thia  ramaina  to  be  invaedgated. 
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Figure  20.  Charge  CunarRDeraiiaa  Baton  so  mAfcm^C^Raaia  in  Rapid  Cel  Mute.  Ful  Area  ModutoaMuat  Have 
Suflctont  RacW  Heat  Trarator  CapibRty  to  Surpott  Ma  Charge  Rale. 

An  amount  of  eiectroiyte  was  removed  from  the  ceH  whie  in  fabrication  that  correeponded  to  the  0.25  mm 
thickneas  change.  Ttiere  were  severai  ways  in  wNch  this  reduction  in  eiectit^  quantity  oouid  be 
RistRutad.  In  the  first  oeil  of  the  series  the  anode  was  prepared  devoid  of  electrotyte  and  the  amount  in  the 
separator  waa  decreaaed.  The  next  experiment  prapa^  the  three  components  (anode,  cathode  and 
saptfatoO  wRh  only  38%  of  the  usual  quantity.  The  tNrd  kind  of  ceU  waa  prepared  wRh  no  eiecboiyte  in 
die  cathode  and  a  samidry  separator.  Thus  these  first  cede  all  had  but  38%  of  the  usual  amount  of 
electrolyte  but  differently  dtotrliutedanrong  the  three  oornponenta. 

Whle  these  oeHs  were  thin  and  Rghtweight,  pulse  behavior  waa  poor  even  after  allowing  tlwee  days  for 
formation.  Over  this  period  the  performance  improved,  as  expected,  but  not  to  the  point  of  aoceptabOty. 
Qjt.of  imerest  in  performance  at  lower  rates  one  of  these  cels  (devoid  of  eiectroiyte  in  the  cathode)  was 
dtocharged  at  100  mA/cmP  to  0.9  voR.  Capacity  oonesponded  to  3.2  F/M.  After  a  rest  of  0.4  hour,  at 
which  time  the  voRage  increased  to  1 .32  voRs,  the  dtochaige  was  continued  at  25  mA/cnf  to  0.9  volt  and 
the  total  capacRy  increased  to  3.7  F/M.  about  92%  of  the  theoretical  capacity.  The  effect  upon  power 
densify  capdMIRy  is  shown  in  Figure  21 . 
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CONTENT  ON  SUSTAK^  POWER  DENSTTY 


Cycto  Number 


ngun  21.  ITieeaciraiytooonlant  of  to  separator  can  btraduoed  to  40%.  FurtorraducioitwiraiultinunaoceptoiykMr 

pomr  deraitiss. 

One  conclusion  drawn  is  that  the  amount  of  electrolyte  removed  was  exceesive.  Second,  the  (fiminiehed 
eiectiolyte  quantty  meant  that  an  electrolyte  transport  was  needed  to  create  the  interface  between  sofid 
and  HqiM  for  the  charge  transfer  process.  Hence,  local  cwrent  densUee  are  high  and  voltages  suffer. 
There  is  capacity  present  in  these  overly  dry  cels  which  is  avaiable  at  lower  rates.  At  2S  mA/crh*  we 
have  obtained  as  much  capadly  as  can  reasonably  be  mpected.  Hence,  we  have  to  search  for  the 
proper  amount  of  electrolyte  and  how  it  should  be  dtetributed  wlhin  the  cel.  Recent  ARDEC  module 
sarperienoe  suggest  this  to  be  an  important  piece  of  future  work. 

The  neact  variation  investigated  involved  use  of  the  (Mmensionaly  stable  AIN  separator.  Since  the  pores 
could  be  filed  wlh  moken  electrolyte  and  the  elecbolyte  content  remains  unchanged  during  heat  up  and 
compression  we  are  able  to  decrease  the  number  components  betog  varied  from  three  to  two.  Other  work 
appeared  to  inrScate  that  the  electrolyte  that  leaves  the  pelet  comes  from  the  anode.  Hence  the  cathode 
was  standard  using  20  w/o  electrolyte.  The  anode  composition  was  decreased  from  a  standard  35  w/o 
electrolyte  down  to  19.5  w/o,  but  the  amount  of  Li  and  aloys  were  unchanged.  Testing  results  showed 
the  fonnalion  phenomenon  again  whereby  the  performance  improved  with  cycling.  Whie  12  pulses  were 
avaiable.  the  vokages  were  low  incScating  a  greater  slope  of  the  EOPV  versus  pulse  number.  From  such 
data  it  was  concluded  that  the  optimum  quantty  of  etectrolyte  in  the  anode  lies  between  19.5  w/o  and  35 
wA>. 
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The  next  ocpertonent  in  the  series  hworporated  an  edge  seal  and  the  MgO  electrolyte.  The  amount  of 
electrolyte  in  the  anode  was  decreased  to  27w/o.On  testirtg  the  cell  required  cycHng  as  well  as  an 
overnight  charge  to  undergo  formation.  Pulse  discharge  behavior  was  quite  acceptable  with  background 
currents  reacNng  1  to  2  mA/CnP,  vaiuee  considered  as  benign.  The  cefl  was  given  three  prolonged 
charges  induct  one  that  went  a  weekend.  Examination  after  cooling  revealed  (1)  a  lesser  quantity  of 
electrolyte  leaving  the  pellet  and  (2)  a  successful  containment  of  that  electrolyte  which  did  leave  the 
pellet. 

Vl.Underpotential  Deposition  of  Lithium 

Inside  some  bipolar  cells  in  battery  stacks  of  molten  salt  Li/CoS,  there  is  elemental  Li  deposition.  These 
deposits  can  build  sufficiently  to  cause  a  short  circuiting  of  a  ceN. 

A  similar  U  depmition  has  been  reported  in  ambient  temperature  non-aqueous  lithium  battery  cells. 
Takeuchi  and  Thiebott  investigated  this  phenomenon  m  a  single  cell  monopolar  lithium/siiver  vadium 
oxide  systems.  This  is  a  primary  battery  and  not  rechargeable.  When  it  is  discharged  the  anode  passes 
an  elec^n  to  the  exter^  load  and  puts  a  Li*  ion  into  the  electrolyte.  The  cathode  simultaneously 
accepts  an  electron  from  the  external  ic^  which  is  used  to  reduce  the  vanadium  and  silver  ion  and  takes 
a  Li*  ion  from  the  solution.  It  is  an  insertion  type  elecfrode,  frequently  tenned  intercalation  compounds. 
These  workers  used  a  stainless  steel  container  hermeticaiiy  sealed  atxl  having  two,  and  in  some  cases 
three  feed-throughs.  Ammeters  between  the  anode  terminal  artd  the  case  registered  the  Li  deposition 
rate  onto  the  case  which  was  later  confirmed  by  destructive  analysis.  They  state  that  the  configuration  did 
not  significantly  differ  from  the  standard  case  negative  cells  in  performance  nor  the  amount  of  Li 
deposited.  The  exact  mechanism  for  Li  deposition  on  the  case  was  not  given  by  these  workers.  They  did 
infer  that  the  deposition  was  related  to  the  pulse  (fischarge  regime. 

It  was  stridng  that  the  current  flowed  between  the  anode  terminal  and  the  stainless  steel  case,  and  that 
the  authors  were  able  to  relate  the  total  ooutombic  charge  to  the  quantity  of  Li  deposited.  Ammeters  are 
low  impe^nce  paths  so  that  before  the  electrical  connection  was  made  the  case  was  floating  with  regard 
to  potential.  Let  us  regard  the  cell  container  as  an  unpoised  electrode  while  floating.  When  connected  to 
the  anode  through  the  ammeter  the  following  reactions  are  hypothesized; 

anode:  terminal  metal  /  Li  /  electrolyte  -4  e'  +  Li*(eiectrolyte) 

cathode.  container /electrolyte  (Li*)  -i-  e'  -4  container /Li  -i-  electrolyte. 

The  electron  is  driven  through  the  ammeter  by  the  voltage  difference  of  the  two  interfeces  between  solid 
and  liquid.  The  anode  has  its  weli-defined  potential  by  LP  /  activity  Li*  ion  in  the  electrolyte.  The  cell  case, 
a  cathode  in  this  instance,  has  no  defined  potential  b^ng  unpoised,  changes  its  interface  to  approach  the 
potential  of  the  anode.  As  the  potential  changes  the  driving  force  lessens  and  the  current  decreases.  The 
case  is  now  regarded  as  a  third  electrode.  When  an  arrxneter  is  not  present  and  the  cell  case  is  directly 
connected  to  the  anode,  the  situation  is  essentially  the  same  exc^  that  the  ability  to  nraasure  the 
current  passing  between  the  anode  and  the  third  electrode  is  absent. 

The  mechanism  described  above  is  not  unique  except  for  application  to  Li  batteries  whether  they  are 
molten  salt  or  organic  electrolyte  batteries.  It  is  a  corroston  tyi^  reaction  and  we  must  recognize  that  this 
sort  of  mechantem  has  been  used  to  explain  rust  formation,  for  hydrogen  evolution,  for  »Jhydrodes,  for 
supercapacitors  and  for  other  underpotential  deposition  phenomena. 

The  deposition  of  Li  on  the  unpoised  metal  occurs  at  a  potential  less  than  that  of  the  anode  and,  for 
convenience,  we  may  call  this  mechanism  the  UPD  hypothesis. 

This  hypothesis  can  be  tested  for  application  to  the  rTX)lten  salt  situation.  A  way  conceived  for  testing  the 
hypothesis  is  similar  to  that  of  Takeuchi  and  Thieboit.  A  sketch  of  the  apparatus  is  shown  in  Figure  22. 
An  anode  peliet  is  prepared  along  with  a  separator  /  electrolyte  pellet.  No  cathode  pellet  is  present.  The 
two  pellets  are  joined  in  the  normal  manner  and  mounted  in  the  test  stand.  The  anode  is  on  bottom,  Us 
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usual  poaWon  and  it  is  on  a  nonnal  ooflector.  a  Mo  bipolar  wal  with  a  tab.  A  second  ooilector,  a  tabbed 
Mo  bipolar  wail  is  slit  as  shown  in  Figure  22.  The  sitting  is  sufficient  to  ensure  that  when  mourtted  as 
shown  there  is  no  electronic  path  between  the  t^)bed  side  and  the  other.  The  Mo  piece  that  is 
eiectronicaliy  floating  is  used  as  a  control. 


Separator 

InsiiJator 


Lde  material 


Kelthley  175 
DMM 


Figure  22.  Test  apparatus 

The  test  stand  is  a  converted  press  and  has  metal  platens,  these  platens  are  insulated  from  the  test  cel 
by  Maoor  insulators.  The  heaters  surround  the  test  cell  and  a  Mo  foil  covers  the  heater.  Hence,  an 
fosulafor  has  to  be  placed  over  the  Mo  tabbed  piece,  which  we  refer  to  as  'cathode”,  and  the  control 
piece  or  else  these  metal  pieces  would  not  be  eiecttonicaliy  Isolated  one  from  the  other.  The  plan  was  to 
heat  the  test  cefl  to  480*C,  wait  several  days  and  then  connect  the  two  Mo  tabs,  but  this  connection 
should  be  through  an  ammeter  or  Is  equivalent.  A  two  ohm  precision  resistor  was  used  as  the  shunt  and 
the  Keithiey  DMM  obtained  the  voltage  ctiop  and  this  is  the  equivalent  ammeter.  The  voKage  drop  was 
also  recorded  using  the  data  acquisition  system. 

It  was  intended  to  integrate  the  current-time  relationship  to  obtain  the  charge  passing  between  the  two 
Mo  pieces.  At  the  end  of  the  experiment  the  Mo  cathode  would  be  reacted  with  water  and  LiOH 
determined  by  tttration  with  a  standard  HCI  solution;  this  \s  the  procedure  used  in  reference  1 1 . 
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The  insulalor  in  the  first  test  using  this  epperatus  was  a  cerarryc  BN  disk.  The  current  initially  was  2.5  mA 
and  this  derayed  to  180  |J.A  in  55  hours.  The  shape  of  the  current  versus  time  cun^  wu  simlar  to  that 
shown  Takeuchi  and  Thiebolt.  but  our  currents  were  very  much  (peeler.  Our  final  currei^  is  three 
times  Nc^ttian  their  surge  current. 

Next  the  Mo  "cathode”  and  its  control  were  each  leached  in  water  and  titrated  for  the  aluilinity  indicalive 
of  Li  depoeilion.  Coulomstricaily  the  amount  of  Li  deposited  was  nearly  1  meq  but  the  Mo  'cathode*  and 
the  control  each  analyzed  for  0.07  and  .08  meq.  Visuatty  we  saw  the  BN  had  swoNen  and  discolored  in 
the  regkx)  where  it  was  in  direct  contact  with  the  separkor,  and  there  was  a  crack  which  had  started  at 
an  edge  and  propagated  along  the  junction  between  the  Mo  and  the  separator . 

The  BN  was  then  leached  in  water  and  analyzed  for  Li.  Its  titre  was  1.15  meq,  greater  than  the 
coubmetricaHy  measured  quantity.  When  investigated  further  it  was  found  that  BN  hydro^es  in  water 
fomdng  boric  add  and  ammonia  and  the  ammonia  affects  akalinily  too.  The  previous  data  were  corrected 
forthe  f^dtoiysis  and  the  iKireoment  between  coulometry  and  titrimetry  was  good. 

Whie  the  form  of  the  lithium  present  in  the  BN  Is  not  krtown,  we  recognize  that  this  expenm^ 
consttutes  a  procedure  for  testing  high  temperature  insulators  for  our  batteries.  As  part  of  this  work  the 
electrode  salt  was  found  to  hydrolyze  addc,  and  when  sheets  of  mica  and  AIN  were  leached  in  hot, 
ai^ated  detonteed  water  and  the  indicator  added,  the  leachant  solution  gave  no  indication  of  basicity. 

At  the  low  level  at  which  the  Li  specie  is  present  in  the  ceramic  and  not  finding  conductivity  it  may  be 
assumed  that  BN  while  not  ideal  may  be  used  as  an  insulalor  in  molten  salt  ceils.  The  conductivity  is 
determined  with  DC  methods  since  this  transport  mode  could  be  detrimental  by  causing  a  short  circuit 
Ionic  conductivity  would  not  be  harmftji  since  we  already  have  such  a  conductor  with  the  molten 
electiolyte. 

Vll.Testing  Insulators  as  Edge  Seal  Materials 

Having  found  a  test  procedure  for  evaluating  insulators  for  the  edge  seals  that  help  contain  the 
eledrolyte,  it  was  applied  to  a  number  of  materials.  In  each  instance  of  testing  the  apparkus  shown  in 
Figure  22  was  used,  and  the  material  to  test  was  used  as  the  upper  insulator.  From  a  plot  of  current 
versus  time,  the  amount  of  charge  passed  between  the  two  terminals  is  determined  by  integration.  Figure 
23  is  a  curve  of  current  versus  time  for  the  apparatus  with  Coors  AD99.5  alumina  as  the  insulalor.  These 
are  not  typical  data  since  the  others  start  with  a  high  current  that  decreases  with  time  much  Ike  that  of 
Takeuchi  and  Thiebolt. 

In  most  instances  the  closed  circuit  experiment  was  carried  out  for  about  55  hours.  After  oooHng.  the 
foOowing  components  were  separated  and  contained  in  a  dry  atmosphere:  (1)  the  insulator,  (2)  the 
portion  of  the  molybdenum  collector  which  had  been  connected  to  the  anode  throu(^  the  shunt,  the 
"cathode",  and  (3)  the  portion  of  the  collector  that  remained  at  open  circuit  conditions  and  is  the  control 
for  the  experiment  These  three  items  were  individually  placed  in  water,  stirred  and  heated  and  then 
titrated  wlh  HCI  to  a  phenolphthalein  end  point.  AH  results  are  converted  to  milliequivalents  (meq)  since 
96500  coulombs  are  equal  to  1000  meq  by  definition,  and  the  product  of  volume  in  mHUfiters  and  HCI 
concentration  in  normality  is  also  a  meq  term. 

Before  reviewing  the  results  using  7  kinds  of  insulators,  the  possbie  reactions  are  considered. 
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Figure23.  UnderpcMenlial  Deposition  Experiment  with  99^% 

AReview  of  Possiblo  Reactions 

There  ie  no  reason  to  expect  only  one  mechanism  to  be  involved  when  the  circuit  is  dosed  on  the 
{^iparatus  of  Rgurs  22.  The  processes  thus  far  conceived  are; 

Underpoterttial  deposition 
Ion  Exchange 
Shuttle  mechanisms 
Oiflusion 

Chemical  (metathetic)  reactions. 

Intercalation. 

The  current  and  its  duration  is  of  such  magnitude  that  it  can  not  be  ignored.  The  currera  is  the  rate  at 
which  some  material  is  oxidized  at  the  anode  which  is  exactly  equaled  by  some  reduction  process  at  the 
cathode.  These  coupled  reactions  occur  by  charge  transfer  processes  at  the  respective  interfaces  which 
we  shal  examine  now. 

1.  Undwpgtentlal  DwotHlgn 

The  anode  interface  consists  of  molten  electrolyte  and  the  sold  Li  alloys.  The  potential  is  governed,  in 
part,  by  the  midation  of  Li  to  Li^  ion,  as  we  know  from  other  experiments.  The  potentials  for  the 
oxkfizable  materials  which  are  identified  are: 

Li  —>  Ll*+  e*  -3.05  volts 

Al  ->  Al**  +  3o‘  -1.66  volts 

Si  +  4  P  ->  SIF4  +  4e'  -1.2  volts 
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•fO.54  votts 


31'-^  1*3  +  2  e’ 

The  LMJ*  poiefYtiai  is  suffidenlly  negative  lo  maintain  the  other  species  in  the  reduced  form.  These 
considerations  shouid  be  sufficient  to  establish  that  the  anodic  process  is  Li  oxidahon. 

The  ooijpied  cathode  process  is  more  difficult  to  identify  since  the  "ceiT  was  not  built  wtth  a  readily 
redudile  material.  The  mr^ybdenum  is  already  reduced.  The  halides  are  also  recfcjced.  One  of  the 
materials  tested  was  a  cast,  fired  LiF  board.  It  is  only  the  Li*  ion  of  tNs  material  and  of  the  electrolyte  that 
is  reducble.  In  which  case  we  may  write: 


Li*  +  e-  ->  Li 

and  this  is,  ttierefore,  an  underpotential  deposition  and  the  half  cell  may  be  written  as: 

U*X-  //  LI,Mo 

The  Li  deposited  upon  Mo  may  diffuse  into  the  structure  of  the  LiF.  As  part  of  the  experimental  work  it 
was  shown  (1 )  that  the  titre  for  LiX  electrolyte  is  zero,  and  (2)  that  a  control  board  of  treated,  cast  LiF  also 
had  a  zero  titre.  If  these  reactions  are  combined  to  ^aracterize  a  complete  electiochemical  system,  the 
following  is  obtained: 


Mo  /  Li(AI,Si)  //  U*X-  //  Li /Mo 

a  system  analogous  to  other  underpotential  processes  such  as  hydrogen  adsorption  in  supercapacitors, 
lead  on  gold  and  the  adhyckode. 

2.  Ian  Exchange 

Mica  being  chemically  similar  to  vermiculite  may  undergo  ion  occhange  reactions  as  evidenced  by  the 
work  of  Maraqah  and  his  ooworkers.  A  heavier  metallic  ion  in  the  mica  stnjcture,  such  as  K*  and  Mg** 
ions  may  undergo  an  ion  exchange  reaction  with  the  molten  etectrolyte.  When  placed  in  water  for 
leaching,  the  protons  of  water  would  then  exchange  with  the  U*  ions,  i.e., 

Li*  +  K*-mica  ->  K*  +  Li*-mica 

Li* -mica  +  HjO  ->  UOH  +  H*-mica 

The  leachant  becomes  alkaline  and  is  titratable.  in  the  way  an  alkalinity  greater  than  that  equivalent 
measured  by  couiometry  can  be  encountered. 

^ShuUlaMaiihanlama 

One  of  the  overcharge  shuttle  mechanisms  promulgated  at  ANL  is  rewritten  as  follows: 

•  negative  interface 

LI*  +  e*  -+  Li  charge 

Li  +  Li*  Lij*  dissolution 

•  positive  interface 

Lij*  2LI*  +  e*  discharge 

When  these  are  added  together,  there  is  no  net  reaction  which  is  irxlicative  of  an  effective  shuttle 
mechanism.  In  the  event  of  a  shuttle  mechanism  operating  we  would  have  to  find  a  lesser  quantity  of  Li 
metal  at  the  "cathode"  region  than  indicated  by  couiometry. 

A. 
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4.  DWhiainn 

A  nthium  diffusion  process  may  not  be  stand  alone,  but  accompany  other  processes.  Thus  lithium  as  the 
element  dssoives  in  the  electrolyte  from  the  anode  and  (fiffuses  away  from  the  source.  Nature  tends  to 
make  the  sokition  uniform  in  concentration.  When  the  dissolved,  elemental  Li  reaches  the  "cathode”, 
nettling  further  is  expected  to  happen  since  there  is  nothing  radudble. 

If  Li  can  enter  the  rtmeture  of  the  insulator,  then  a  dHfusional  gradient  is  set  up  and  deposition  at  the 
insulator  continues.  In  sudi  a  case  the  cjuantity  of  Li  found  by  analytical  techniques  can  exceed  that 
measured  coulometricaily.  In  this  distance,  as  differing  from  ion  exchange,  the  Li  is  metallic  and  behaves 
as  does  the  metal  when  placed  in  water.  If  the  metal  is  transported  from  the  anode  via  a 
dis8oiution<liffu8ion  process  then  titrimetry  yields  values  greater  than  couiometry.  If  the  transport  is  via 
UPD  which  is  then  fdlowed  by  diffusion  Into  the  insulator,  titrimetry  and  couiometry  should  yield  the  same 
values. 

5.  Mttathttic  Rwctlont 

With  sknple  metathetic  reactions  there  is  a  simiiarity  to  the  ion  exchange  reactions,  except  that  a  vaience 
change  is  involved.  Using  alumina  as  an  exarr^,  the  metathetic  process  is: 

6  U  +  Ai,0,  ^  3  Li^O  -t-  2  Al. 

The  sort  of  process  would  result  in  two  effects.  The  first  is  that  upon  subsequent  treatment  with  hot  water 
UOH  would  form 


LijO  +HjO  ^  2  UOH, 

and  this  would  cause  the  titrimetric  determination  to  exceed  the  coulometric  measurement.  The  second 
result  could  be  a  disootoration  of  the  alumina  due  either  to  the  presence  of  Ai  particles  or  due  to  the 
introduction  of  defects  into  the  structures  of  the  Li-Ai  oxide  structures. 

MgO  was  not  tested,  but  there  is  a  posstxiity  of  an  analogous  metathetic  reaction  between  elemental  Li 
and  magnesia. 

6.  Irrtetealatkin 

intercalated  chemicais  are  those  where  some  specie  is  integrated  into  the  structure  of  the  host 
compound.  It  most  usually  is  accompanied  by  an  oxidation-reduction  process,  however,  that  would  not  be 
the  case  in  the  capture  of  U,  but  an  impo^nt  characteristic  of  the  intercalation  process  is  a  volume 
change  of  the  insulator. 

If  intercalation  is  involved  the  "cathode"  molybdenum  may  not  have  any  significant  quantity  of  Li  by 
titrimetry,  but  the  insulator  is  swollen  and  may  even  have  undergone  a  color  change. 

B.Experimental  Results 

While  there  were  6  possbie  reactions  reviewed,  there  is  a  seventh  type  of  happening  which  could  arise. 
When  separating  the  3  components  from  the  "ceir  which  has  anodic  material,  there  was  an  attempt  to 
prevent  cross  contamination  by  avoiding  any  material  easily  removed  from  the  molybdenum  pieces  or  the 
insulator.  Hence,  errors  may  be  introduced  whereby  less  Li  is  titrated  than  measured  coulometricaily.  In 
one  particular  instance  it  is  reasonably  certain  that  a  very  small  lithium  nodule  was  removed. 

Seven  materials  were  investigated.  To  analyze  the  data  a  plot  was  made  of  the  difference  between 
titrimetry  and  oculometry  measurements  versus  the  coulometric  measurement,  and  it  is  shown  as  Figure 
24.  A  horizontal  line  was  drawn  through  the  intercept  zero.  Values  which  lie  near  zero  are  consistent  with 
an  Underpotentiai  Deposition  (UPD)  mechanism.  The  graph  shows  two  of  the  seven  values  which  ctiffer 
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signiflcantiy  from  zmo.  The  major  negative  deviation  axreeponds  to  the  used  mica  samples  and  the 
second  is  a  large  positive  deviation  corresponding  to  the  Coors  AD94  aium^  In  tx)th  instances  the 
coulomelric  charge  is  quite  Ngh.  WNte  from  a  iundamentat  viewpoint  the  identification  of  the  mecharfisms 
responsbie  for  the  errors  may  be  a  source  of  satisfaction,  such  information  would  not  be  useful  in 
de^nfiig  a  better  battery  component. 

20  T - , 


10 


I 

0 


-10 


.20  J - 1 

0  4  8  12  16 

Coulometric  Charge,  meq 


..4  t 

A  A  ■ 

■ 

Largest  Positive  Deviation  -  AD94 

A 

Largest  Negative  Deviation  -  used  Mica 

Figure  24.  Comparison  of  Charge  and  Titre 

The  materials  that  are  useful  for  battery  applications  that  would  not  compromise  lifetime  are  those  with 
less  than  2  meq  of  Li  by  UPD  which  are  as  follows; 

•  CastUF 

•  AIN 

•  BN 

The  data  for  ail  tests  are  given  in  Table  5.  ARDEC  module  ML  08  had  both  LiF  strips  and  BN  felt  as  part 
of  the  bipolar  edge  seal  mechanism.  This  module  operated  for  35  days,  was  subjected  to  14  freeze4haw 
cycles  and  delivered  324  cycles  with  2186  pulses.  Samples  were  taken  from  an  interior  cell  and  analyzed 
for  LI  by  titrimetry.  The  Li  content  of  the  BN  was  3.6%  and  that  of  LiF  was  0.6%  indicating  Li  transport  in 
the  ceil,  and,  furthermore,  that  Li  is  not  completeiy  captured  by  LiF.  In  spite  of  this  the  module  was 
long-lived  and  performed  weU.  Coupling  the  testing  and  evaluation  of  the  materials  with  the  module 
performance  serves  as  a  calbration  point  for  our  data. 

it  is  noted  that  in  the  case  of "  not  previously  used  mica",  that  the  gas  formed  when  the  fosulator  was 
placed  in  water  was  captured  and  measured.  There  was  ig^ion  suggesting  elemental  Li  in  the  insulator, 
and  this  IgnRion  caused  a  low  reading  error  for  the  gas.  The  gas  actuafiy  measured  corresponded  to  5.5 
meq  versus  an  expected  7.1  meq  based  on  ooulometry.  H  is  deduced  that  about  1/4  of  the  hydrogen 
produced  burned  to  water. 
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Boron  niride  was  another  uniquely  behaved  material.  In  contact  with  water  it  hydrolyzed  to  H,BO,  and 
NH4OH  so  that  titration  measures  both  the  Li  that  caused  a  sweMig  of  BN  and  the  NH^OH  from  the 
hycfaoiysis. 


Table  &  Summary  d  irauisto  Effect  on  UMum  Transport 


ID 

fosulating 

maforial 

Coutometry, 

meq 

Insulator 

titre, 

meq 

•UPD" 

Mo, 

meq 

Control 

Mo, 

meq 

Gas 

Cofiection, 

meq 

Lowest 

Current, 

uA 

Deviation, 

Coul.- 

litre 

LBCM2075* 

Boron 

nitride 

0.96 

1.23 

0.07 

180 

-0.4 

LBCM2076** 

Mica, 

used 

7.31 

22.1 

1,250 

-14.91 

LBCM2081 

Mica 

7.1 

7.05 

Ksa 

5.45"* 

2,750 

-0.15 

8  j83^0 

Lithium 

fliroride 

0.21 

0.71'" 

0.09 

0.05 

135 

-0.64 

91083-9«8 

Aluminum 

nibride 

mm 

02 

mn 

0.04 

B 

91083-9»11 

Alumtoa 

AD94 

15.93 

2.88 

0.07 

0.1 

6,200 

12.88 

91083-9#12 

Alumina 

AD99S 

7.13 

0 

5.9 

0.03 

450 

1.2 

ML  08 

BN  from 
module 

3.60% 

ML  08 

LiFfrom 

module 

0.60% 

*Subse<toent  testing  of  BN  rtogs  indicates  hydrolysis  of  BN  to  H,BO,  and  NH^OH. 

**Mica  comer  from  ARDEC  5  cell  battery  (via  G.  Bartow).  Fdz  from  dark  region.  0.28  g  sample  has 
0.11  meq  Li  in  part  A.  Part  B  0.764  g  saniple  0.03  meq  (see  p.  38  book  170026  for  parts  A  and  B). 

***A  black  particie  was  ffipped  off  the  molypcp.  If  this  was  a  Li  nodule  its  weight  was  4.7  mg  and  its  size 
would  be  about  8micro6ters. 

"'A  control  sample  of  UF  had  zero  titre  (did  not  cause  phenolphthalein  to  change  color  -  the  same 
result  as  with  electrolyte). 

"*lgrAion  was  responsbie  for  tow  results. 


VIILSeal  materials  recommendations 

Three  materials  are  considered  qualified  as  insulators  in  seal  development  which  are: 

•  CastUF 

•  AIN 

•  Boron  nitride. 

BN  should  be  freshly  made  and  stored  dry  to  avoid  hydrolysis. 

Underpotenliai  deposition  does  occur  and  can  cause  (1 )  swelling  and  discoloration  of  insulators  and  (2) 
give  rise  to  Li  nodules  on  metals  at  the  potential  of  the  anode.  A  second  necessary  condition  for  UPD  to 
occur  is  that  the  sle  be  electrolyte  covered  hence,  the  corollary  is  that  metal  sites  be  dry  or  not  at  the 
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anodt  polMilial  to  avoid  UPD.  it  is  speculated  that  sufficient  nodule  growth  or  fitfing  of  the  insulators  the 
melai  can  uMmateiy  become  a  falure  mode.  The  current  is  a  measure  of  nodule  growth  or  of  the  (fiffusion 
rate  of  elemeraal  Li  from  the  deposition  site  into  with  the  insulator. 

IX.Conclu«ions 

•  CoS,  has  been  shown  to  be  the  best  cathode  active  material  for  high  temperature 
pulse  power  cells.  Although  there  are  three  distinct  electrochemical  reactions  at 
the  very  high  current  densities  involved,  the  two  most  energetic  ievels  behave  as 
a  mixed  potential  cUscharge  reaction.  Because  of  this,  we  have  succeeded,  with 
thin  electrodes,  to  achieve  discharges  corresponding  to  1 .4  Faradays  per  mole  of 
CoS,.  In  turn,  this  greater  depth  of  discharge  (previous  baseline  value  was  1 .08 
Faradays  per  mole)  enables  the  ceils  to  be  tebricated  smaller  and  lighter  resulting 
in  stable  pulse  discharge  operation  at  higher  power  densities. 

•  The  mass  of  anode  material  could  equivalently  be  decreased  providing  the 
theoretical  capacity  is  based  only  on  the  p  to  a  transition.  Quantitatively  the 
capacity  has  been  increased  from  145  mAh/g  of  active  materials  up  to  180  mAh/g. 

•  The  combined  affect  of  the  two  previous  conclusions  above  would  result  in  an 
estimated  reduction  of  the  baseline  100  MJ  system  volume  from  0.40  to  ‘^.36  m^ 

•  Among  the  separators  that  may  be  substituted  for  Magiite  D  are  silicon  nitride, 
Magox  Super  Premium  MgO,  yttria  and  sintered  AIN.  The  last  material  is 
dimensionally  stable  thereby  easing  battery  module  requirements  and  design. 
Additional  work  is  required  to  successfully  mate  large  area,  1 50  cm^  AIN 
separators  with  slurry  cast  anodes  and  cathodes. 

•  To  fully  qualify  these  separator  materials,  multi-cell  bipolar  stack  tests  are  needed 
to  confirm  ceil  balance  and  longevity. 

•  The  newer  separator  materials  show  lower  final  currents,  withstand  freeze-thaw 
incidents  yet  enhance  cycle  life.  Final  currents,  after  somewhat  extended  charges, 
reach  acceptable  values  ranging  5  mA/cm‘  to  as  low  as  0.5  mA/cm^. 

•  U(alloy)/CoS,  ceils  are  capable  of  fast  charging  by  increasing  the  initial  charge 
rate.  In  fact,  the  electrochemical  system  behaves  best  when  the  initial  charge  rate 
is  ~50  mA/cm^or  greater. 

•  Seif  -discharge  rates  are  much  lower  than  in  other  molten  salt  systems,  since  an 
eight  hour  open  circuit  stand  permits  the  first  10  of  a  series  of  12  pulses  to  have 
minimal  effects  upon  power.  Reasons  for  this  behavior  include:  greater  thermal 
stability  of  CoS,  ( to  760”C)  and  no  apparent  solubility  and  mobility  of  the  CoS,  in 
the  electrolyte  (known  to  be  a  factor  in  the  high  self  discharge  experienced  with 
primary  thermal  batteries  employing  FeS,}. 

•  Cell  balancing  can  be  upset  by  common  electrolyte  paths.  These  come  about  by 
battery  compression  and  electrolyte  migration.  The  mobility  of  the  electrolyte  can 
be  controlled  to  a  small  extent  by  electrolyte  management.  The  amount  of 
electrolyte  can  be  decreased  by  using  dimensionally  stable  separators  and  by 
decreasing  the  electrolyte  content  in  the  anode  from  35  w/o  down  to  27  w/o.  If  the 
electrolyte  content  is  decreased  below  this  value  for  the  anode,  or  decreased 
below  20  w/o  in  the  cathode,  complete  cell  formation  does  not  occur  at  pulse 
discharge  rates. 
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•  Since  there  remains  an  excess  of  eiectroiyte,  a  seai  is  needed  to  prevent 
fdrmatior  of  a  common  eiectroiyte  pathway  in  the  battery.  The  mateiiais  used  as 
seais  empioy  an  insuiator.  and  we  cttscovered  that  Li  can  be  transported  via  an 
underpotential  mechanism  and  intercalate  within  the  insulator.  This  discovery 
became  a  basis  for  a  seal  material  screening  process.  A  result  of  the  screening 
process  is  that  boron  nitride,  aluminum  nitride  and  lithium  fkjoride  are  suitable 
materials  for  inclusion  in  the  seal  design. 

•  When  placed  on  open  circuit,  the  polarization  decays  and  cell  voltage  recovers.  If 
the  sy^em  is  deprived  of  the  rest  period  by  rapid  sequential  high  rate  pulsing,  the 
voltage,  hence  power,  of  the  system  is  affected  by  a  5%  decrease  in  values. 

•  The  accomplishments  of  the  program  are  that  the  Li/CoS2  system  has  been  made 
(1)  lighter  In  weight,  (2)  smaller  in  size,  (3)  to  have  an  increased  cycle  life 
exceeding  original  goals,  (4)  to  remain  balanced  for  longer  periods  and  (5)  to  be 
more  reliable  and  reprodudbie. 

These  oondusions  and  their  significanoe  are  summarized  in  Table  6  below. 


Tabto  6.  Summary  aid  SiiyaficafKe  d  LAB(X)M  Program  Acoompishments 


ACCOMPUStmENT 

•  Stable  nilse  Discharge  Performance 
Demonstrated  Over  370  Cycles  and  One 
Calendar  Month  at  Openrting  Temperatureof 
480 -C 

.  Cell  terminated  after  lediaise  oooditioiis 
intendanally  alteted,  lesultiiig  in  cell  fiuhne 

•  Demonatrated  increased  qtiUzatkwi  of  active 
materials  over  extended  time  period 

•  New  Cycle  Life  Record  Demonstrates  No 
Inherent  Cycle  Life  Limitations.  Even  With 
increased  Utifization  of  the  Ac^  Materiais 

-  Ured  AUemate  and  Readily  AvaiUUe  MgO 
(egmiator)  Somce  •  MAGOX  •  SP 

.  Potential  to  rednoe  oveiall  ^yitsm  vdnme  by  ~10 
to  15%  or  OK  thicker  aqiaiators 

•  Established  Critical  Lower  Bourxf  on  Recharge 
Current  Density 

•  Verified  That  Recharge  Current  Densfties  of 
<50  mA/cnP  Can  Resuk  in  Rapid  Cell  FaHure 

-  ReqniRS  fall  size  modnles  have  saflicient  heat 
lenioval  cqnbili^  on  rediarge  to  aocqx  this 
coneot  density  without  overheating 

-  Modnles  tested  to  date  nsed  SO  mA/caP 

•  Reprodudbly  Demonstrated  No  Loss  of  Voltage 
or  Capacity  After  S-hrs  of  Open  ClicuK  Stand 

•  Feature  Unique  to  C0S2  Permits  Active 

Stand4)y  Without  Loss  of  Performance 

*  Opens  Up  New  MiRary  AppHcations  Such  as 
Advanced,  Active  Sonobuoys 

•  Porous.  DimensionaSy  Stable  Aluminum  Nitride 
(AM)  Separators  Have  Been  Successfully 
Fabricated  and  Tested  in  a  20  cnP  Cell 

•  Irdial  performance  outstancftng 

•  100  cycles  demonstrated  with  stable  and 
reprodudbie  performance 

•  Lowest  final  currents  observed  (at  0.5-1 .5 
mA/cnP)  wi  promote  stack  balance  in  multi-cen 
bipolar  stacks 

•  Potentially  EHminales  Two  Casting  and  Three 
Pressing  Steps  in  the  Electrode  Fabrication. 
Process 

•  Highly  Uniform  Stnicture  Free  of  Visl)ie 
Imperfections  Such  As  Pinholes  Should 
Maximize  Both  Cycle  and  Calendar  Life 

•  Structural  Stabiity  Will  Reduce  Axial 

Dimensional  Changes  During  Cycfing 

•  High  Themtai  Conductivity  WMPrornote  Heat 
Transfer  and  Simplity  Thermal  Management  in 
Full  Size  Modules 
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